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ABSTRACT 
 
This dissertation describes syntheses, characterization, and reactivities of 
Groups 4 and 5 metal amide silyl complexes free of anionic π-ligands such as 
cyclopentadienyl (Cp). 
A summary of the research in this dissertation is provided in Chapter 1.  
Chapter 2 reports unusual equilibria involving zirconium amides, silyl anions, and 
zirconium silyl complexes through amide-silyl ligand exchange reactions.  Silyl 
anion SiButPh2− (2) was found to substitute an amide ligand in Zr(NMe2)4 (3) to 
give (Me2N)3Zr(SiButPh2)2− (1a) and Zr(NMe2)5− (1b) in THF.  Silyl anion 2 also 
selectively attacks the –N(SiMe3)2 ligand in (Me2N)3Zr[N(SiMe3)2] (6) to give 1a 
and N(SiMe3)2− (7).  Both reactions 2 3 + 2 2 º 1a + 1b and 6 + 2 2 º 1a + 7 are 
reversible, leading to unusual ligand exchange equilibria.  The thermodynamics 
of these equilibria has been investigated to give their ∆H°, ∆S°, and ∆G°298 K.  
Silyl amide complexes (Me2N)3Ta[N(SiMe3)2](SiButPh2) (14) and 
(Me2N)M[N(SiMe3)2]2(SiButPh2) (M = Zr, 17a; Hf, 17b) were found to undergo γ-H 
abstraction by the silyl ligands to give metallaheterocyclic complexes (Me2N)3- 
  ┌───────────┐                  ┌───────────┐ 
Ta[N(SiMe3)SiMe2CH2] (15) and {(Me2N)[(Me3Si)2N]M[N(SiMe3)SiMe2CH2]}2
(M = Zr, 18a; Hf, 18b), respectively.  The 14 → 15 conversion follows first-order 
kinetics and its ∆H‡ and ∆S‡ have been studied.  The formation of 18a involves 
the formation of an intermediate, followed by γ-H abstraction.  Kinetic studies of 
these consecutive reactions, a second-order followed by a first-order γ-H 
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abstraction, were conducted by an analytical method and a numerical method.  
The reactions of 18a and 18b with O2 were found to give metallahetercyclic  
                  ┌──────────────┐ 
complexes {(Me2N)[(Me3Si)2N]M[N(SiMe3)SiMe2CH2O]}2 (M = Zr, cis-19a and 
trans-19a; Hf, cis-19b and trans-19b) with two –NMe2 ligands in cis- and trans- 
configurations, respectively.  These results are described in Chapter 3. 
In Chapter 4, the formation of per-amides H2N-M[N(SiMe3)2]3 (M = Zr, 21a; 
Hf, 21b) from ammonolysis reactions and formation of imides Li+(THF)n{HN–-
M[N(SiMe3)2]3} (M = Zr, 22a; Hf, 22b) from deprotonation of 21a-b by LiN(SiMe3)2 
or Li(THF)3SiButPh2 are reported.  One –SiMe3 group in 22a-b undergoes silyl 
migration to give Li+(THF)2{Me3SiN–-M[NH(SiMe3)][N(SiMe3)2]2} (M = Zr, 23a; Hf, 
23b) containing an imide =N(SiMe3) ligand.  The first-order kinetics of the 22a → 
23a conversion was investigated between 290 and 315 K.  THF in the mixed 
solvent was found to promote the conversion, and the effect of THF on the rate 
constants was studied.   
Preparation, characterization, and X-ray crystal structures of Group 4 
amide chloride complexes {Hf[N(SiMe3)2](NMe2)2Cl}2, [(Me3Si)2N]2MCl2-
Li(THF)3Cl (M = Zr, 26a; Hf, 26b) and [(Me3Si)2N]2MCl2(THF) (M = Zr, 27a; Hf, 
27b) are reported in Chapter 5.  Kinetic studies of the decomposition of 
(Me2N)2Zr[N(SiMe3)2](SiButPh2) (28a), prepared from {Zr[N(SiMe3)2](NMe2)2Cl}2 
(24a) and LiSiButPh2, have been carried out. 
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CHAPTER 1 
Introduction 
 
1.1. Foreword 
Early-transition-metal silyl chemistry is of intense current interest.1  Silyl 
complexes have been used in many catalytic reactions such as the insertion2 and 
the dehydropolymerization of organosilanes.3  Most d0 metal silyl complexes 
contain cyclopentadienyl (Cp) or analogous anionic π-ligands.1  The chemistry of 
early-transition-metal silyl complexes free of anionic π-ligands remains a largely 
unexplored area.4  Our research has been mostly focused on the fundamental 
chemistry of Cp-free early-transition-metal silyl amide complexes.5
We are also interested in the reaction of O2 with transition-metal 
complexes.  It is not only a key step in some biological and catalytical 
processes,6 but also used in the preparation of thin films of metal oxides such as 
Ta2O5 in many CVD precesses.7
Ammonolysis reactions of metal amides or metal amide chlorides have 
been widely used in the preparation of metal nitrides.  Metal nitrides are of 
interest for their high wear resistance, high melting or decomposition 
temperatures, and electrical properties.8  Ammonolysis of Zr and Hf amide 
chlorides has been studied in the current work. 
  1 
1.2. Current Dissertation 
The preparation and characterization of novel Groups 4 and 5 amide 
complexes free of π-ligands, mechanistic pathways in the formation of these 
compounds, and studies of their reactions towards silyl anions and O2 are the 
focuses of this Ph.D. dissertation. 
 
1.2.1. Chapter 2 
Silyl anion SiButPh2− (2) was found to substitute an amide ligand in 
Zr(NMe2)4 (3) to give disilyl complex (Me2N)3Zr(SiButPh2)2− (1a) and Zr(NMe2)5− 
(1b) in THF.  The reaction is reversible, and nucleophilic amide NMe2− attacks 
the Zr-SiButPh2 bonds in 1a or (Me2N)3Zr(SiButPh2) in the reverse reaction, 
leading to an unusual ligand exchange equilibrium 2 3  +  2 2  º  1a  +  1b (Eq. 
2.1).  The silyl anion 2 selectively attacks the –N(SiMe3)2 ligand in 
(Me2N)3Zr[N(SiMe3)2] (6) to give 1a and N(SiMe3)2− (7).  Reversible reaction 
occurs as well, where 7 selectively substitutes the silyl ligand in 
(Me2N)3Zr(SiButPh2)2− (1a) or (Me2N)3Zr(SiButPh2) giving the equilibrium 6  +  2 2  
º  1a  +  7  (Eq. 2.4).  The thermodynamics of these equilibria has been studied:  
For Eq. 2.1, ∆H° = –8.3(0.2) kcal/mol, ∆S° = –23.3(0.9) eu, and ∆G°298 K =  
–1.4(0.5) kcal/mol at 298 K; For Eq. 2.4, ∆H° = –1.61(0.12) kcal/mol, ∆S° =  
–2.6(0.5) eu, and ∆G°298 K = –0.82(0.3) kcal/mol.  In both equilibria, the enthalpy 
changes for the forward reactions outweigh the entropy changes so the 
substitutions of amide ligands in Zr(NMe2)4 (3) and (Me2N)3Zr[N(SiMe3)2] (6) to 
  2 
afford the disilyl complex 1a are thermodynamically favored.  The following 
equilibria were also observed and studied:  (Me2N)3Zr[N(SiMe3)2] (6)  +  
Si(SiMe3)3− (9)  º  (Me2N)3Zr[Si(SiMe3)3] (10)  +  N(SiMe3)2− (7) (Eq. 2.7) and 
Zr(NMe2)4 (3)  +  9  º  10  +  Zr(NMe2)5− (1b) (Eq. 2.6).  X-ray crystal structures 
of 1 and (Me2N)3Hf[Si(SiMe3)3] are also reported.  A paper about the chemistry in 
this chapter has been published in J. Am. Chem. Soc. 2004, 126, 4472–4473. 
 
1.2.2. Chapter 3 
New transition-metal silyl amide complexes (Me2N)3Ta[N(SiMe3)2]-
(SiButPh2) (14) and (Me2N)M[N(SiMe3)2]2(SiButPh2) (M = Zr, 17a; Hf, 17b) were 
found to undergo γ-H abstraction by the silyl ligands to give metallaheterocyclic 
                ┌───────────┐ 
complexes (Me2N)3Ta[N(SiMe3)SiMe2CH2] (15) and {(Me2N)[(Me3Si)2N]- 
┌───────────┐ 
M[N(SiMe3)SiMe2CH2]}2 (M = Zr, 18a; Hf, 18b), respectively.  The conversion of 
14 → 15 follows first-order kinetics with ∆H‡ = 23.6(1.6) kcal/mol and ∆S‡ = 3(5) 
eu between 288 and 313 K.  The formation of 18a from (Me2N)Zr[N(SiMe3)2]2Cl 
(16a) and Li(THF)2SiButPh2 (2) involves the formation of 17a as an intermediate, 
followed by γ-H abstraction.  Kinetic studies of these consecutive reactions, a 
second-order reaction to give 17a, and then a first-order γ-H abstraction to give 
18a, were conducted by an analytical method and a numerical method.  At 278 
K, the rate constants k1 and k2 for the two consecutive reactions are 2.17(0.03) × 
10–3 M–1s–1 and 5.80(0.15) × 10–5 s–1 by the analytical method.  The current work 
is a rare kinetic study of consecutive reactions involving a second-order reaction 
  3 
as the first step.  Kinetic studies of the formation of metallaheterocyclic moiety 
┌───────────┐ 
M[N(SiMe3)SiMe2CH2] have, to our knowledge, not been reported.  In addition, γ-
H abstraction by a silyl ligand to give such a metallaheterocyclic moiety is new.  
Theoretical investigations of the γ-H abstraction by silyl ligands have been 
conducted by density functional theory calculations at the Becke3LYP (B3LYP) 
level, and these studies by Professor Zhenyang Lin’s group at the Hong Kong 
University of Science and Technology revealed that the formation of the 
metallacyclic complexes through γ-H abstraction is entropically driven.  The 
reactions of 18a and 18b with O2 were found to give five-membered 
metallahetercyclic complexes with –NMe2 ligands in cis- and trans- configurations 
                    ┌──────────────┐ 
{(Me2N)[(Me3Si)2N]M[N(SiMe3)SiMe2CH2O]}2 (M = Zr, cis-19a and trans-19a; Hf, 
cis-19b and trans-19b), respectively.  X-ray crystal structures of the Ta silyl 
complex (Me2N)3Ta[N(SiMe3)2](SiButPh2) (14), (Me2N)Zr[N(SiMe3)2]2Cl (16a), Zr 
and Hf metallaheterocyclic complexes 18a, 18b, cis-19a, trans-19a, cis-19b, 
and trans-19b are also reported.  A majority of the chemistry in this chapter has 
been published in Inorg. Chem. 2004, 43, 7111–7119. 
 
1.2.3. Chapter 4 
Ammonolysis of Cl-M[N(SiMe3)2]3 (M = Zr, 20a; Hf, 20b) leads to the 
formation of per-amides H2N-M[N(SiMe3)2]3 (M = Zr, 21a; Hf, 21b) which upon 
deprotonation by LiN(SiMe3)2 or Li(THF)3SiButPh2 yields imides Li+(THF)n{HN–-
M[N(SiMe3)2]3} (M = Zr, 22a; Hf, 22b).  One –SiMe3 group in 22a-b unexpectedly 
  4 
undergoes silyl migration from a –N(SiMe3)2 ligand to the imide =NH ligand to 
give Li+(THF)2{Me3SiN–-M[NH(SiMe3)][N(SiMe3)2]2} (M = Zr, 23a; Hf, 23b) 
containing an imide =N(SiMe3) ligand.  The kinetics of the 22a → 23a conversion 
was investigated between 290 and 315 K and found to be first-order with respect 
to 22a.  The activation parameters for this silyl migration are ∆H‡ = 13.3(1.3) 
kcal/mol and ∆S‡ = –34(3) eu in solutions of 22a prepared in situ (in toluene-d8 
with 1.07 M THF).  THF in the mixed solvent was found to promote the 22a → 
23a conversion.  The effect of THF on the rate constants of the conversion has 
been studied, and the kinetics of the reaction was 3.4(0.6)th order with respect to 
THF.  Crystal and molecular structures of H2N-Zr[N(SiMe3)2]3 (21a) and 23a-b 
have been determined. 
 
1.2.4. Chapter 5 
Preparation, characterization, and X-ray crystal structures of Group 4 
amide chloride complexes {Hf[N(SiMe3)2](NMe2)2Cl}2 (24b), [(Me3Si)2N]2MCl2-
Li(THF)3Cl (M = Zr, 26a; Hf, 26b), and [(Me3Si)2N]2MCl2(THF) (M = Zr, 27a; Hf, 
27b) are reported.  In addition, improved synthesis and structures of [Hf(NMe2)4]2 
(5), {[(Me3Si)2N]Ti(=NSiMe3)Cl}2 (29), [(Me3Si)2N]2TiCl2 (30), and [(Me3Si)2N]Zr-
Cl3(THF)2 (32) are presented.  Kinetic studies of the decomposition of 
(Me2N)2Zr[N(SiMe3)2](SiButPh2) (28a), prepared from {Zr[N(SiMe3)2](NMe2)2Cl}2 
(24a) and LiSiButPh2, have been carried out.  The decomposition follows first-
order kinetics with ∆H‡ = 22(2) kcal/mol and ∆S‡ = –1(7) eu between 288 and 
  5 
313 K.  Preparation and characterization of {[(Me3Si)2N]Ti(=NSiMe3)(NMe2)}2 (30) 
is also reported here. 
 
1.2.5. Chapter 6 
Some future studies are suggested based on the research reported in the 
current dissertation. 
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CHAPTER 2 
Equilibria Involving Zirconium Amides, Silyl Anions, and 
Zirconium Silyl Complexes through Amide-Silyl Ligand 
Exchange Reactions 
 
2.1. Introduction 
Substitution reactions have been one of primary methods to prepare 
transition-metal silyl complexes.1  In many such reactions, replacement of halide 
(X−) ligands by silyl anions with the precipitation of MX (M+ = alkali metal) is often 
used to yield metal-silyl bonds, and the reactions are usually not reversible.1  
Cleavage of metal-silyl bonds by the attack of nucleophiles has been reported by 
Corriu and co-workers in, e.g., the reactions of (OC)4Co-SiPh3 with LiAlH4, MeLi, 
and RMgBr, affording HSiPh3, “LiSiPh3,” and “BrMg-SiPh3,” respectively.9  
“LiSiPh3” and “BrMg-SiPh3” were believed to be the intermediates, and they react 
with H2O to give HSiPh3.  Reversible exchanges of ligands10 such as alkyls,11a,b 
halides,11c,d carbonyls,11e phosphines,11f,g amides,11h cyclopentadienyls11i in 
transition-metal complexes are known, and equilibria of some reactions have 
been studied.  There are however few reported reversible exchange reactions 
and equilibria involving silyl ligands in transition-metal complexes.1,10,12  In our 
studies of metal silyl complexes,5 we observed substitutions of amide ligands in 
M(NMe2)4 (M = Zr,13,14 Hf13) and (Me2N)3Zr[N(SiMe3)2] by silyl anions in LiSiR3 to 
give disilyl and silyl complexes, and LiM(NMe2)5 and LiN(SiMe3)2, respectively.  
  7 
These reactions are reversible, and nucleophilic amides attack the M-SiR3 bonds 
in the reverse reactions, leading to ligand exchange equilibria such as that in Eq. 
2.1.  Such substitutions of amide ligands by silyl anions and the exchange 
equilibria, to our knowledge, have not been reported.  These exchange reactions 
and our thermodynamic studies of the equilibria are reported here. 
 
2 Zr(NMe2)4  +  2 SiButPh2
THF-d8
Zr NMe2
Me2N
Me2N
SiButPh2
SiButPh2
3 2
1a
+ Zr NMe2
Me2N
Me2N
NMe2
NMe2
1b    (Eq. 2.1) 
 
Keq =
[ 1a ] [ 1b ]
[ 2 ]2 [ 3 ]2      (Eq. 2.2) 
 
2.2. Results and Discussion 
2.2.1. Synthesis and X-ray structure of [Zr(NMe2)5Li2(THF)4]+ [(Me2N)3Zr-
(SiButPh2)2]− (1) 
Zr(NMe2)4 (3) reacts with Li(THF)2SiButPh2 (2-Li)15 in toluene, affording an 
ionic compound [Zr(NMe2)5Li2(THF)4]+[(Me2N)3Zr(SiButPh2)2]− (1) as a solid 
precipitate (Eq. 2.3).  In this reaction, substitution of an amide ligand in 3 by silyl 
anions leads to the formation of disilyl anion (Me2N)3Zr(SiButPh2)2− (1a).  The 
amide anion that is replaced apparently reacts with Zr(NMe2)4 (3) to give the 
  8 
2 Zr(NMe2)4 2 Li(THF)2SiButPh2
toluene
[Zr(NMe2)5Li2(THF)4]   [(Me2N)3Zr(SiButPh2)2]
+
1
23
    (Eq. 2.3) 
 
dilithium zirconium pentaamide cation Zr(NMe2)5Li2(THF)4+ (1b-Li2+, Figure 2.1).  
Chisholm and co-workers have reported the formation of dilithium zirconium 
hexaamide Zr(NMe2)6Li2(THF)2 (4-Li2) from the addition of LiNMe2 to Zr(NMe2)4 
(3).14a  The substitution of an amide ligand by a silyl ligand in this reaction was 
unexpected.  Substitution of amide ligands by aryloxide and alkoxide ligands has 
been reported.16  To our knowledge, this is the first known case of a replacement 
of an amide ligand by a silyl anion.1  A molecular drawing, crystallographic data, 
and selected bond distances and angles of 1 are given in Figure 2.1, Table 2.1, 
and Table 2.2, respectively.  The molecular structure of 1 consists of a discrete 
cation and anion pair.  The structure of disilyl anion is very close to that of 
(Me2N)3Zr(SiButPh2)2⋅Li(THF)4 we reported earlier.5i  The Zr atom is coordinated 
by three –NMe2 in equatorial positions and two –SiButPh2 in axial positions, 
forming a trigonal bipyramidal (TBP) geometry.  The Zr-Si bond distance of 
2.9507(7) Å is close to that [2.9331(14) Å] in (Me2N)3Zr(SiButPh2)2⋅Li(THF)4.  
Similar to the ZrN5 moiety in the structure of [Zr(NMe2)4]2,14a the cation 1b-Li2+ 
reveals a distorted trigonal bipyramidal structure around Zr(2) with the N(4) and 
N(4A) atoms in the axial positions.  In comparison, the ZrN6 moiety in 
Zr(NMe2)6Li2(THF)2 (4-Li2) approaches an octahedron.14a  The Zr(2)-terminal N(3) 
  9 
  
 
Figure 2.1.  Molecular drawing of 1 showing 30% probability thermal ellipsoids. 
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Table 2.1.  Crystal data and structure refinement for 1 
 
Compound No. 1 
Empirical formula (formula weight) C64H118Li2N8O2Si2Zr2 (1316.18) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 25.145(3) Å α = 90° 
 b = 17.770(3) Å β = 97.789(3)° 
 c = 16.346(3) Å γ = 90° 
Volume 7236(2) Å3
Z 4 
Density (calculated) 1.208 g/cm3
Absorption coefficient 0.368 mm–1
F(000) 2816 
Crystal size 0.40 × 0.25 × 0.25 mm3
θ  range for data collection 1.41 to 28.28° 
Index ranges –32 ≤ h ≤ 33, –23 ≤ k ≤ 23, –21 ≤ l ≤ 21 
Reflections collected 36482 
  11 
Table 2.1.  Continued  
 
Compound No. 1 
Independent reflections 8684 [R(int) = 0.0543] 
Completeness to θ  = 28.28° 96.5% 
Absorption correction Multi-scan with SADABS 
Max. and min. transmission 0.9136 and 0.8667 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8684 / 0 / 383 
Goodness-of-fit on F2 1.041 
Final R indices [I > 2σ(I)] R1 = 0.0396, wR2 = 0.1030 
R indices (all data) R1 = 0.0567, wR2 = 0.1169 
Largest diff. peak and hole 0.875 and –0.464 e.Å–3 
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
  12 
Table 2.2.  Selected bond distances (Å) and angles (º) for 1 
 
Distances 
Zr(1)-N(1) 
Zr(1)-N(2) 
Zr(1)-Si(1) 
N(1)-C(1) 
N(2)-C(2) 
N(2)-C(3) 
Si(1)-C(4) 
Si(1)-C(10) 
Si(1)-C(16) 
Zr(2)-N(3) 
2.080(2) 
2.0488(19) 
2.9507(7) 
1.447(3) 
1.442(3) 
1.452(3) 
1.920(2) 
1.926(2) 
1.965(2) 
2.036(3) 
Zr(2)-N(4) 
Zr(2)-N(5) 
N(4)-Li(1) 
N(5)-Li(1) 
N(3)-C(20) 
N(4)-C(21) 
N(4)-C(22) 
N(5)-C(23) 
N(5)-C(24) 
2.243(2) 
2.1337(19) 
2.099(4) 
2.117(5) 
1.440(3) 
1.454(3) 
1.459(3) 
1.465(3) 
1.459(3) 
Angles 
Si(1A)-Zr(1)-Si(1) 
N(2)-Zr(1)-N(2A) 
N(2)-Zr(1)-N(1) 
N(2)-Zr(1)-Si(1A) 
N(2)-Zr(1)-Si(1) 
N(1)-Zr(1)-Si(1) 
170.47(3) 
118.86(11) 
120.57(6) 
89.83(6) 
95.01(6) 
85.235(13) 
N(4)-Zr(2)-N(4A) 
N(5)-Zr(2)-N(5A) 
N(5)-Zr(2)-N(4) 
N(3)-Zr(2)-N(5) 
N(3)-Zr(2)-N(4) 
N(5A)-Zr(2)-N(4) 
172.54(11) 
124.30(11) 
85.54(8) 
117.85(5) 
93.73(5) 
90.97(8) 
  13 
bond [2.243(2) Å] in 1b-Li2+ is shorter than the Zr(2)-bridging N(5) bond 
[2.1337(19) Å].  This is consistent with less d-p π bond character between Zr(2) 
and N(5), as a result of bonding between N(5) and Li(1). 
 
2.2.2. Equilibrium involving Zr(NMe2)4 (3), SiButPh2− (2), (Me2N)3Zr-
(SiButPh2)2− (1a), and Zr(NMe2)5− (1b) 
When crystals of 1 were dissolved in THF-d8, the reverse reaction in Eq. 
2.1 was observed in 1H and 13C NMR spectra of the solution, yielding Zr(NMe2)4 
(3) and SiButPh2− (2).17  In fact, (Me2N)3Zr(SiButPh2)2− (1a), pentaamide 
Zr(NMe2)5− (1b), 3, and 2 in the solution of 1 were found to be in an unusual 
equilibrium in Eq. 2.1.  This equilibrium was also observed when 2 and 3 were 
mixed in THF-d8.  1H EXSY spectrum (tmix = 2 s) of a mixture of 2 and 3 at 32 °C 
is shown in Figure 2.2.  Strong cross-peaks were observed among three –NMe2 
peaks and between two –SiButPh2 peaks, indicating a chemical exchange 
process for the complexes in Eq. 2.1.  NMR studies of Zr(NMe2)6Li2(THF)2 (4-Li2) 
by Chisholm and co-workers suggest that LiNMe2 dissociates from 4-Li2.14a  
Dissociation of (Me2N)3Zr(SiButPh2)2− (1a) to give 2 and (Me2N)3Zr(SiButPh2)5f is 
also known.5i  Such dissociations may be present in the reactions in Eq. 2.1.  
NMe2− dissociated from Zr(NMe2)5− (1b) subsequently attacks the Zr-Si bonds in 
(Me2N)3Zr(SiButPh2)2− (1a) or in (Me2N)3Zr(SiButPh2) to give Zr(NMe2)4 (3). 
Variable-temperature 1H NMR spectroscopy over a 65 K range (243−308 
K) was used to study this equilibrium.  The equilibrium constants Keq range from 
  14 
  
 
Figure 2.2.  EXSY spectrum (THF-d8, 400.0 MHz, 32 °C, tmix = 2 s) of a mixture 
of 2 and 3. 
  15 
242(18) at 243 K to 6.8(0.5) at 308 K (Table 2.3), indicating that the forward 
reaction to give disilyl 1a and pentaamide 1b is favored, and that decreasing the 
temperature shifts the equilibrium toward 1a and 1b.  A plot of ln Keq vs 1000/T 
by the van’t Hoff equation18 [Figure 2.3(a)] gives the thermodynamic parameters 
of the equilibrium: ∆H° = –8.3(0.2) kcal/mol, ∆S° = –23.3(0.9) eu, and ∆G°298 K = 
–1.4(0.5) kcal/mol at 298 K.  The forward reaction is endothermic, and the 
entropy change ∆S° = –23.3(0.9) eu reflects the fact that, in the forward reaction, 
2 equiv of 3 and 2 each yield 1 equiv of 1a and 1b.  The enthalpy change 
outweighs the entropy change in the forward reaction to give ∆G°298 K = –1.4(0.5) 
kcal/mol in favor of 1a and 1b. 
In toluene-d8, an equilibrium involving Zr(NMe2)4 (3), SiButPh2− (2), 1a, 1b, 
and Zr(NMe2)62− (4) was observed.  The 1H NMR peaks of the amide ligands  
(–NMe2) in 1a, 1b, 3, and 4 were severely overlapped, preventing accurate 
quantitative studies of the equilibrium.  The freezing point depression studies of 1 
in benzene suggest that dissolving one equiv of [Zr(NMe2)5Li2(THF)4]+ 
[(Me2N)3Zr(SiButPh2)2]− (1) in benzene generates ca. 3 equiv of neutral and/or 
ionic species.  This is consistent with the fact that, in solution, 1 is involved in an 
equilibrium that gives several additional species including 1a, 1b, Zr(NMe2)4 (3), 
Li(THF)n+, SiButPh2− (2), and Zr(NMe2)62− (4).  The reaction between Hf(NMe2)4 
(5) and LiSiButPh2 (2-Li) gives an equilibrium similar to that in Eq. 2.1.  Overlaps 
of the 1H NMR resonances of the –NMe2 ligands in both THF-d8 and  
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Table 2.3.  The equilibrium constants for Eqs. 2.2 and 2.5 at different 
temperaturesa 
 
 Eq. 2.2 Eq. 2.5 
T (K) Keq ± σKeq(ran) Keq ± σKeq(ran)
308 ± 1 6.76 ± 0.08  
303 ± 1 7.93 ± 0.06 3.77 ± 0.05 
298 ± 1 10.37 ± 0.04 4.00 ± 0.04 
293 ± 1 12.88 ± 0.03 4.14 ± 0.05 
288 ± 1 16.74 ± 0.05 4.392 ± 0.015 
283 ± 1 21.97 ± 0.07 4.684 ± 0.014 
278 ± 1 27.94 ± 0.06 4.97 ± 0.06 
273 ± 1 40.77 ± 0.06 5.29 ± 0.03 
268 ± 1 53.90 ± 0.05 5.51 ± 0.05 
263 ± 1 72.38 ± 0.09 5.647 ± 0.008 
258 ± 1 95.66 ± 0.08 6.13 ± 0.03 
253 ± 1 124.83 ± 0.08 6.45 ± 0.02 
248 ± 1 165.84 ± 0.04 6.903 ± 0.019 
243 ± 1 242.09 ± 0.08 7.273 ± 0.008 
238 ± 1  7.99 ± 0.02 
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Table 2.3.  Continued 
 
 Eq. 2.2 Eq. 2.5 
T (K) Keq ± σKeq(ran) Keq ± σKeq(ran)
233 ± 1  8.506 ± 0.004 
228 ± 1  9.278 ± 0.014 
223 ± 1  10.01 ± 0.04 
 
aThe largest random uncertainty is σKeq(ran)/Keq = 0.081/6.758 = 0.047/3.767 = 
1.2% for both Eqs. 2.2 and 2.5.  The total uncertainty σKeq/Keq of 5.1% was 
calculated from σKeq(ran)/Keq = 1.2% and the estimated systematic uncertainty 
σKeq(sys)/Keq = 5% by σKeq/Keq = [(σKeq(ran)/Keq)2 + (σKeq(sys)/Keq)2]1/2. 
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Figure 2.3.  The ln Keq vs 1000/T plots of the equilibria in (a) Eq. 2.1 and (b) Eq. 
2.4.
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toluene-d8 over a large temperature range prevent quantitative studies of the 
equilibrium. 
 
2.2.3. Equilibrium involving (Me2N)3Zr[N(SiMe3)2] (6), SiButPh2− (2), 
(Me2N)3Zr(SiButPh2)2− (1a), and N(SiMe3)2− (7) 
(Me2N)3Zr[N(SiMe3)2] (6) was prepared from the reaction of (Me2N)3ZrCl 
with LiN(SiMe3)2.  (Me2N)3Zr[N(SiMe3)2] was found to react with LiSiButPh2 to 
form 1a and LiN(SiMe3)2.  When the reaction was carried out in a small amount 
of toluene, 1a would be precipitated out in the form of (Me2N)3Zr(SiButPh2)2⋅Li-
(THF)4.  This provides an easier, alternative way to prepare (Me2N)3Zr-
(SiButPh2)2⋅Li(THF)4. 
When LiSiButPh2 (2-Li) was added to (Me2N)3Zr[N(SiMe3)2] (6) in THF-d8, 
the equilibrium in Eq. 2.4 was observed.  In the forward reaction in this 
equilibrium, the silyl anion 2 selectively replaces the –N(SiMe3)2 ligand in 6, 
affording exclusively (Me2N)3Zr(SiButPh2)2− (1a) and N(SiMe3)2− (7).  No 
substitution of the –NMe2 ligand in (Me2N)3Zr[N(SiMe3)2] (6) was observed.  In 
the reverse reaction, amide anion –N(SiMe3)2− in LiN(SiMe3)2 replaces the silyl 
ligands in 1a, leading to the equilibrium in Eq. 2.4.  It is interesting to note that, in 
the reverse reaction in Eq. 2.4, the amide anion –N(SiMe3)2− in LiN(SiMe3)2 did 
not replace the –NMe2 ligand in (Me2N)3Zr(SiButPh2)2− (1a).  It is not clear why 
the substitutions in the forward and reverse reactions are selective.  1H EXSY  
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(Me2N)3Zr[N(SiMe3)2]  +  2 SiButPh2
THF-d8
Zr NMe2
Me2N
Me2N
SiButPh2
SiButPh2
6 2
1a
+ N(SiMe3)2
7    (Eq. 2.4) 
 
Keq =
[ 1a ] [ 7 ]
[ 6 ] [ 2 ]2      (Eq. 2.5) 
 
spectrum of a mixture of 2 and 6 at 32 °C is shown in Figure 2.4.  Cross-peaks 
were observed between –NMe2, –SiButPh2, and –N(SiMe3)2 peaks, respectively, 
indicating an exchange process for the complexes in Eq. 2.4.  Thermodynamic 
studies of this equilibrium by 1H NMR spectroscopy over an 80 K range (223–303 
K) were conducted.  The equilibrium constants Keq (Table 2.3) range from 
10.0(0.2) at 223 K to 3.77(0.09) at 303 K.  As in the equilibrium in Eq. 2.1, the 
forward reaction in Eq. 2.4, the selective substitution of the amide –N(SiMe3)2 
ligand in 6 by the silyl anion SiButPh2−, is slightly favored, and lowering the 
temperature shifts the equilibrium in Eq. 2.4 to the right.  The plot of ln Keq vs 
1000/T [Figure 2.3(b)] gives the following thermodynamic parameters for this 
equilibrium: ∆H° = –1.61(0.12) kcal/mol, ∆S° = –2.6(0.5) eu, and ∆G°298 K =  
–0.82(0.3) kcal/mol.  The forward reaction is endothermic, and the enthalpy 
change [∆H° = –1.61(0.12) kcal/mol] outweighs the entropy change  
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Figure 2.4.  EXSY spectrum (THF-d8, 400.0 MHz, 32 °C, tmix = 4 s) of a mixture 
of 2 and 6.  EXSY spectrum (THF-d8, 32 °C) with tmix = 2 s did not show cross-
peaks.  Decomposition of the mixture was observed during the acquisition of the 
EXSY data at 32 °C, making it difficult to conduct EXSY NMR studies at a higher 
temperature.
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[∆S° = –2.6(0.5) eu], making the substitution of –N(SiMe3)2 ligand in 6 by 
SiButPh2− anion to give N(SiMe3)2− (7) and (Me2N)3Zr(SiButPh2)2− (1b) slightly 
favored. 
 
2.2.4. Additional equilibria involving Zr and Hf amide silyl complexes and 
X-ray structure of (Me2N)Hf[N(SiMe3)2] 
Equilibria were also observed in the reactions of M(NMe2)4 (M = Zr, 3; Hf, 
5) and (Me2N)3M[N(SiMe3)2] (M = Zr, 6; Hf, 8) with Li(THF)2Si(SiMe3)3 (9-Li),19 
yielding the monosilyl complexes (Me2N)3M[Si(SiMe3)3] (M = Zr, 10; Hf, 11).17  
The bulkiness of the –Si(SiMe3)3 ligand perhaps prevents the formation of disilyl 
complexes.  In contrast to Eq. 2.1, the reverse reactions in Eq. 2.6 yielding 
amides M(NMe2)4 and lithium silyl compound Li(THF)2Si(SiMe3)3 (9-Li) dominate 
the equilibria.  For example, in THF-d8, Keq = 0.0045(0.0009) and ∆G° = 
3.20(0.13) kcal/mol at 298 K for the equilibrium involving Zr(NMe2)4 in Eq. 2.6, 
and Keq = 0.0111(0.0009) and ∆G° = 2.66(0.06) kcal/mol at 298 K for the 
equilibrium involving (Me2N)3Zr[N(SiMe3)2] in Eq. 2.7.  These data indicate that 
the formation of silyl complexes (Me2N)3M[Si(SiMe3)3] (M = Zr, 10; Hf, 11) by 
Eqs. 2.6 and 2.7 is not thermodynamically favored.  Cooling the equilibrium 
mixtures in Eqs. 2.6 and 2.7 to –36 °C, however, gives crystals of 
(Me2N)3M[Si(SiMe3)3] (M = Zr, 10; Hf, 11), thus shifting the equilibria to the right 
side. 
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2 M(NMe2)4  Si(SiMe3)3
THF-d8
M(NMe2)5
+
Zr, 3; Hf, 5
+(Me2N)3M[Si(SiMe3)3]
9
Zr, 10; Hf, 11 Zr, 1b; Hf, 12    (Eq. 2.6) 
 
(Me2N)3M[N(SiMe3)2]  +  Si(SiMe3)3
(Me2N)3M[Si(SiMe3)3] + N(SiMe3)2
THF-d8
Zr, 6; Hf, 8 9
Zr, 10; Hf, 11 7   (Eq. 2.7) 
 
The crystal structure of (Me2N)3Zr[Si(SiMe3)3] (10) has been reported by 
our group.15  The efforts to make crystals of X-ray quality for 
(Me2N)3Hf[Si(SiMe3)3] (11) were not successful then.  X-ray quality crystals of 11 
were successfully prepared from the equilibrium in Eq. 2.7.  A molecular drawing, 
crystallographic data, and selected bond distances and angles of 11 are given in 
Figure 2.5, Table 2.4, and Table 2.5, respectively.  The crystal structures of 11 
and 10 are isomorphous.  A crystallographically imposed 3-fold rotation axis 
exists along the Hf-Si bond with three amide ligands on the Zr atom staggered 
with respect to the trimethylsilyl groups on the tertiary Si atom.  The one Hf and 
three Si atoms all exhibit a pseudotetrahedral geometry with angles between 
106.22(18) and 113.8(4)°.  The Hf-N bond distance of 2.017(8) Å is close to the 
Zr-N distance of 2.018(7) Å found in 10.  The Hf-Si bond distance of 2.743(6) Å is 
shorter than the Zr-Si distance of 2.784(4) Å in 10. 
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Figure 2.5.  Molecular drawing of 11 showing 30% probability thermal ellipsoids. 
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Table 2.4.  Crystal data and structure refinement for 11 
 
Compound No. 11 
Empirical formula (formula weight) C15H45HfN3Si4 (512.04) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Rhombohedral 
Space group  R3c 
Unit cell dimensions a = 15.483(5) Å α = 90° 
 b = 15.483(5) Å β = 90° 
 c = 19.378(8) Å γ = 120° 
Volume 4023(2) Å3
Z 6 
Density (calculated) 1.383 g/cm3
Absorption coefficient 4.072 mm–1
F(000) 1704 
Crystal size 0.45 × 0.40 × 0.15 mm3
θ  range for data collection 2.59 to 28.35° 
Index ranges –20 ≤ h ≤ 19, –19 ≤ k ≤ 20, –25 ≤ l ≤ 25 
Reflections collected 11001 
  26 
Table 2.4.  Continued 
 
Compound No. 11 
Independent reflections 2027 [R(int) = 0.0348] 
Completeness to θ  = 28.35° 94.5% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.5803 and 0.2616 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2027 / 1 / 75 
Goodness-of-fit on F2 1.178 
Final R indices [I > 2σ(I)] R1 = 0.0490, wR2 = 0.1350 
R indices (all data) R1 = 0.0567, wR2 = 0.1655 
Absolute structure parameter 0.89(4) 
Largest diff. peak and hole 2.792 and –1.690 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 2.5.  Selected bond distances (Å) and angles (º) for 11 
 
Distances 
Hf(1)-N(1) 
Hf(1)-Si(1) 
Si(1)-Si(2) 
C(4)-N(1) 
2.017(8) 
2.743(6) 
2.332(4) 
1.435(14) 
C(5)-N(1) 
C(1)-Si(2) 
C(2)-Si(2) 
C(3)-Si(2) 
1.425(14) 
1.874(12) 
1.859(11) 
1.754(15) 
Angles 
N(1)-Hf(1)-N(1A) 
N(1)-Hf(1)-Si(1) 
C(5)-N(1)-C(4) 
C(5)-N(1)-Hf(1) 
C(4)-N(1)-Hf(1) 
111.7(2) 
107.1(3) 
112.5(9) 
110.1(7) 
137.4(8) 
Si(2)-Si(1)-Si(2B) 
Si(2)-Si(1)-Hf(1) 
C(3)-Si(2)-Si(1) 
C(2)-Si(2)-Si(1) 
C(1)-Si(2)-Si(1) 
106.22(18) 
112.55(16) 
109.1(4) 
113.8(4) 
110.0(4) 
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2.3.  Conclusions 
In this chapter, several equilibria involving zirconium or hafnium 
tetraamide complexes and silyl anions are reported.  It is a novel observation that 
amide ligands in the tetraamide complexes are replaced by silyl anions, and the 
reactions are reversible.  In other words, the silyl ligands in the amide silyl 
products are replaced to yield the tetraamide complexes, leading to unusual 
equilibria among these complexes.  Thermodynamic studies of these equilibria 
have been conducted.  The current systems also provide a unique opportunity to 
understand nucleophilic substitution reactions that are commonly used in 
synthetic chemistry. 
 
2.4. Experimental Section 
2.4.1. General procedures 
All manipulations were performed under a dry nitrogen atmosphere with 
the use of either a dry box or standard Schlenk techniques.  Solvents were 
purified by distillation from potassium/benzophenone ketyl.  Benzene-d6, THF-d8, 
and toluene-d8 were dried over activated molecular sieves and stored under N2.  
ZrCl4 and HfCl4 (Strem) were freshly sublimed under vacuum.  The freezing point 
depression experiment was conducted in benzene.  Zr(NMe2)4 (3),13,14 
Li(THF)2SiButPh2 (2-Li),15 and Li(THF)3Si(SiMe3)3 (9-Li)19 were prepared by the 
literature procedures.  1H and 13C{1H} NMR spectra were recorded on a Bruker 
AC-250 or AMX-400 spectrometer and referenced to solvent (residual protons in 
the 1H spectra).  1H EXSY (Exchange Spectroscopy) spectrum was recorded at 
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32 °C on a Bruker AMX-400 spectrometer.  Elemental analyses were performed 
by Complete Analysis Laboratories Inc., Parsippany, New Jersey. 
For the thermodynamic studies, the equilibrium constants Keq were 
obtained from at least two separate experiments at a given temperature, and 
their averages are listed.  The estimated uncertainty in the temperature 
measurements for an NMR probe was 1 K.  The enthalpy (∆H°) and entropy 
(∆S°) were calculated from an unweighted nonlinear least-squares procedure 
contained in the SigmaPlot Scientific Graph System.  The uncertainties in ∆H° 
and ∆S° were computed from the following error propagation formulas (Eqs. 2.8 
and 2.9),5e which were derived from –RT ln Keq = ∆H° – T∆S°. 
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2.4.2. Preparation of [Zr(NMe2)5Li2(THF)4]+[(Me2N)3Zr(SiButPh2)2]− (1) 
Freshly sublimed Zr(NMe2)4 (3, 0.300 g, 1.12 mmol) was mixed with 
Li(THF)2SiButPh2 (2-Li, 0.394 g, 1.08 mmol) in a Schlenk flask.  About 4 mL of 
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cold toluene (−10 °C) was added to the mixture to dissolve the two compounds.  
The solution was then cooled to −30 °C in a cold bath.  Bright orange crystals 
gradually grew from the solution.  The crystals were washed four times by cold 
toluene (2 mL per wash).  Stripping away all volatiles afforded a yellow crystalline 
solid of 1 (0.407 g, 0.309 mmol, 55.2% based on 3).  Anal. Calcd for 
C64H118N8O4Si2Zr2Li2: C, 58.40; H, 9.04.  Found: C, 58.27; H, 8.91. 
The equilibrium in Eq. 2.1 was observed when 1 was dissolved in THF-d8.  
1H NMR (THF-d8, 400.0 MHz, 25 °C) δ 7.49, 6.97, 6.87 (m, Ph), 3.62 (m, THF), 
2.90 [s, Zr(NMe2)4, 3], 2.82 [s, Zr(NMe2)5−, 1b], 2.75 [s, (Me2N)3Zr(SiButPh2)2−, 
1a], 1.77 (m, THF), 0.950 (s, LiSiButPh2, 2), 0.862 [s, (Me2N)3Zr(SiButPh2)2−, 1a];  
13C{1H} NMR (THF-d8, 100.6 MHz, 25 °C) δ 137.59, 126.46, 124.41 (Ph), 68.23 
(THF), 44.75 [Zr(NMe2)5−, 1b], 43.43 [(Me2N)3Zr(SiButPh2)2−, 1a], 43.14 
[Zr(NMe2)4, 3], 31.87 (LiSiButPh2, 2), 31.48 [(Me2N)3Zr(SiCMe3Ph2)2−, 1a], 27.87 
[(Me2N)3Zr(SiCMe3Ph2)2−, 1a], 26.36 (THF). 
 
2.4.3. Preparation of (Me2N)3Zr[N(SiMe3)2] (6) 
LiNMe2 (3.29 g, 64.5 mmol) in THF (40 mL) at –30 °C was added 
dropwise to a slurry of ZrCl4 (5.00 g, 21.5 mmol) in THF (30 mL) at –30 °C.  The 
mixture was warmed with stirring to room temperature overnight.  The mixture 
was then cooled to –30 °C, and LiN(SiMe3)2 (3.59 g, 21.5 mmol) in THF (30 mL) 
at –30 °C was added slowly.  After stirring overnight, all volatiles were removed 
in vacuo.  Hexanes (2 × 40 mL) were added, and the solution was filtered.  A 
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solid was obtained after the volatiles in the filtrate were removed in vacuo.  
Sublimation in vacuo at 60 °C gave a white waxy solid of 6 (6.20 g, 16.2 mmol, 
yield: 75.1%).  1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 2.90 (s, 18H, NMe2), 
0.275 [s, 18H, N(SiMe3)2];  13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 42.14 
(NMe2), 4.38 [N(SiMe3)2].  1H NMR (THF-d8, 400.0 MHz, 23 °C) δ 2.94 (s, 18H, 
NMe2), 0.170 [s, 18H, N(SiMe3)2];  13C{1H} (THF-d8, 100.6 MHz, 23 °C) δ 42.59 
(NMe2), 4.55 [N(SiMe3)2].  Anal. Calcd for C12H36N4Si2Zr: C, 37.55; H, 9.45.  
Found: C, 37.31; H, 9.28. 
 
2.4.4. Preparation of (Me2N)3Hf[N(SiMe3)2] (8) 
LiNMe2 (2.39 g, 46.8 mmol) in THF (30 mL) at –40 °C was added 
dropwise to a slurry of HfCl4 (5.00 g, 15.6 mmol) in THF (30 mL) at –40 °C.  The 
mixture was warmed with stirring to room temperature overnight.  The mixture 
was then cooled to –30 °C, and LiN(SiMe3)2 (2.61 g, 15.6 mmol) in THF (30 mL) 
at –30 °C was added slowly.  After stirring overnight, all volatiles were removed 
in vacuo.  Hexanes (2 × 30 mL) were added, and the solution was filtered.  A 
solid was obtained after the volatiles in the filtrate were removed in vacuo.  
Sublimation in vacuo at 55 °C gave a white waxy solid of 8 (5.75 g, 12.2 mmol, 
yield: 78.2%).  1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 2.93 (s, 18H, NMe2), 
0.288 [s, 18H, N(SiMe3)2];  13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 41.69 
(NMe2), 4.43 [N(SiMe3)2].  1H NMR (THF-d8, 400.0 MHz, 23 °C) δ 2.93 (s, 18H, 
NMe2), 0.157 [s, 18H, N(SiMe3)2];  13C{1H} (THF-d8, 100.6 MHz, 23 °C) δ 42.05 
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(NMe2), 4.53 [N(SiMe3)2].  Anal. Calcd for C12H36N4Si2Hf: C, 30.59; H, 7.70.  
Found: C, 30.31; H, 7.59. 
 
2.4.5. Preparation of (Me2N)3Zr[Si(SiMe3)3] (12) 
LiSi(SiMe3)3(THF)3 (47.0 mg, 0.118 mmol) and Hf(NMe2)4 (42.0 mg, 0.118 
mmol) were weighted in a J. Young NMR tube.  About 0.45 mL of toluene-d8 was 
added.  Colorless crystals (11.2 mg, 0.0200 mmol, yield: 16.9%) precipitated 
from the solution at –36 °C.  1H NMR (benzene-d6, 250.1 MHz, 23 °C) δ 2.94 (s, 
18H, NMe2), 0.39 (s, 27H, SiMe3).  13C{1H} NMR (benzene-d6, 62.5 MHz, 23 °C) δ 
38.9 (NMe2), 5.2 (SiMe2).  29Si{1H} NMR (DEPT, benzene-d6, 79.5 MHz, 23 °C) δ 
–2.1 [Si(SiMe3)3], –103.5 [Si(SiMe3)3].  Anal. Calcd for C15H45N3Si4Hf: C, 32.27; 
H, 8.12.  Found: C, 32.12; H, 8.12. 
 
2.4.6. Thermodynamic studies of the equilibrium in Eq. 2.1 
In the first experiment, Zr(NMe2)4 (3, 22.2 mg, 0.0830 mmol), 
Li(THF)2SiButPh2 (2-Li, 26.8 mg, 0.0842 mmol) and 4,4’-dimethyl biphenyl 
(internal standard, 11.4 mg, 0.0625 mmol) were added 0.428 mL of THF-d8 in a 
J. Young NMR tube.  In the second experiment, Zr(NMe2)4 (3, 34.5 mg, 0.129 
mmol), Li(THF)2SiButPh2 (2-Li, 56.7 mg, 0.178 mmol) and 4,4’-dimethyl biphenyl 
(15.1 mg, 0.0828 mmol) were added 0.528 mL of THF-d8 in a J. Young tube.  
Another solution was prepared by dissolving Zr(NMe2)5Li2(THF)4· 
(Me2N)3Zr(SiButPh2)2 (1, 20.5 mg, 0.0156 mmol) and 4,4’-dimethyl biphenyl (15.1 
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mg, 0.0828 mmol) in 0.472 mL of THF-d8.  The variable-temperature 1H NMR 
studies for these three solutions were carried out between 308 and 243 K. 
In toluene-d8, an equilibrium involving Zr(NMe2)4 (3), SiButPh2− (2), 1a, 1b, 
and Zr(NMe2)62− (4) was observed.  The 1H NMR peaks of the amide ligands  
(–NMe2) in 1a, 1b, 3, and 4 were severely overlapped, preventing accurate 
quantitative studies of the equilibrium. 
 
2.4.7. Thermodynamic studies of the equilibrium in Eq. 2.4 
In the first experiment, (Me2N)3Zr[N(SiMe3)2] (6, 39.4 mg, 0.103 mmol), 
Li(THF)2SiButPh2 (2-Li, 74.9 mg, 0.235 mmol) and the internal standard 4,4’-
dimethyl biphenyl (23.5 mg, 0.129 mmol) were added 0.719 mL of THF-d8 in a J. 
Young NMR tube.  In the second experiment, (Me2N)3Zr[N(SiMe3)2] (6, 21.1 mg, 
0.549 mmol), Li(THF)2SiButPh2 (2-Li, 41.8 mg, 0.131 mmol) and 4,4’-dimethyl 
biphenyl (14.8 mg, 0.0812 mmol) were added 0.524 mL of THF-d8 in a J. Young 
NMR tube.  The variable-temperature NMR studies were conducted between 303 
and 223 K. 
 
2.4.8. Freezing point depression studies of a solution of [Zr(NMe2)5Li2-
(THF)4]+ [(Me2N)3Zr(SiButPh2)2]− (1) in benzene 
The solubility of 1 in cyclohexane was found too small for freezing point 
depression studies.  Complex 1 (0.363 g, 0.276 mmol) was dissolved in 4.043 g 
of benzene.  The melting point of the solution was measured with a digital 
thermometer.  The measurement was repeated two more times.  The melting 
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point decreased from 5.49 °C to 4.43 °C.  From the freezing point depression 
equation (Kf = 5.12 °C/m): ∆Tf = – i Kf m, i = 3.03. 
 
2.4.9. NMR assignments for Zr(NMe2)5− (1b) in THF-d8
In a solution of crystals of 1 in THF-d8 giving the equilibrium in Eq. 2.1, 
assignments of 1H and 13C NMR spectra of Zr(NMe2)5− (1b) in Eq. 2.1 were 
made, as discussed earlier.  These assignments were supported by the following 
additional studies.   
In the 13C and 1H spectra of a mixture (A) of Zr(NMe2)4 (3, 31 mg, 0.12 
mmol) and LiNMe2 (2.9 mg, 0.057 mmol) in THF-d8, two peaks of ca. equally 
intensity (1H: 2.89 ppm, 13C: 44.74 ppm and 1H: 2.81 ppm, 43.11 ppm, 
respectively) were observed.  The peaks at 2.89 ppm in 1H and 44.74 ppm in 13C 
NMR were assigned to those of 3.  When 3.2 mg of LiNMe2 (0.063 mmol; Total of 
the two portions: 0.120 mmol) was added to the mixture (B), only the peaks at 
2.81 ppm and 43.11 ppm in 1H and 13C NMR, respectively, were observed.  
These were assigned to be those of Zr(NMe2)5− (1b). 
When another portion of LiNMe2 (3.7 mg, 0.073 mmol) was added to this 
mixture (C), a new peak (1H: 2.74 ppm, 13C: 46.39 ppm) identified to be that of 
Zr(NMe2)62− (4) was observed along with that of Zr(NMe2)5− (1b).  The results 
suggest that A is a mixture of 3 and Zr(NMe2)5− (1b), and that B (molar ratio of 
3/LiNMe2 = 1) is predominantly 1b.  With the addition of a total of 1.6 equiv of 
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LiNMe2 to Zr(NMe2)4 (3) in C, it is a mixture of Zr(NMe2)5− (1b) and Zr(NMe2)62− 
(4). 
 
2.4.10.  Formation of Zr(NMe2)4(THF)2 in toluene-d8
Bradley, Chisholm and co-workers have reported that, in benzene and 
toluene, Zr(NMe2)4 (3) shows a degree of oligomerization.13,14a,21  For a mixture 
of 3 (48.2 mg, 0.180 mmol) and THF (8.9 mg, 0.12 mmol) in toluene-d8 at 223 K, 
the resonances of Zr(NMe2)4(THF)2 was observed at 3.29 (THF), 2.98 (NMe2) 
and 1.11 (THF) ppm in 1H NMR spectrum, and 68.86 (THF), 43.36 (NMe2), and 
25.64 (THF) ppm in 13C NMR spectrum, respectively.  In addition, the NMR 
resonances of the dimer of 314a [1H NMR δ 2.88 (terminal −NMe2), 2.34 (bridging 
−NMe2); 13C δ 43.76 (terminal and bridging −NMe2)] were observed as well.  At 
263 K, the amide peaks in the 1H NMR spectrum of the mixture of 
Zr(NMe2)4(THF)2 and the dimer of 3 started to coalescence.  At 296 K, only one 
amide resonance was observed in the 1H NMR spectrum. 
 
2.4.11.  Determination of X-ray structures of 1 and 11 
The data for the X-ray crystal structures of 1 and 11 were collected on a 
Bruker AXS Smart 1000 X-ray diffractometer equipped with a CCD area detector 
and a graphite-monochromated Mo source (Kα radiation, 0.71073 Å) and fitted 
with an upgraded Nicolet LT-2 low temperature device.  A suitable crystal was 
coated with paratone oil (Exxon) and mounted on a hairloop under a stream of 
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nitrogen at –100(2) °C.  The structure of 1 was first solved by direct methods in 
triclinic space group P-1, and then converted to its correct monoclinic space 
group C2/c, while structure 11 was solved by direct methods.  Non-hydrogen 
atoms were anisotropically refined.  All hydrogen atoms were treated as idealized 
contributions.  Empirical absorption correction was performed with SADABS.20a  
In addition the global refinements for the unit cells and data reductions of the two 
structures were performed using the Saint program (version 6.02).  All 
calculations were performed using SHELXTL (version 5.1) proprietary software 
package.20b
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CHAPTER 3 
Metallaheterocyclic Complexes via γ-Hydrogen  
Abstraction by Silyl Ligands and Their Reactions with O2
 
3.1. Introduction 
Transition-metal silyl complexes are of intense current interest.1,5,22  d0 
silyl complexes free of cyclopentadienyl (Cp) ligands have been studied for their 
structures and reactivities.1,5  Cp-free d0 early-transition-metal complexes are 
often highly electron deficient, and amide ligands such as –NMe2 containing 
lone-pair electrons enhance the stability of these complexes through d-p π 
bonding.5e,k,16d,22f,I,23  Disilylamide ligand –N(SiMe3)2, as a bulkier and weaker p-d 
π bond donor than dialkylamide ligands,24 often displays unique chemistry.  For 
example, conversion of disilylamide ligands to the metallaheterocyclic moiety 
┌───────────┐ 
M[N(SiMe3)SiMe2CH2] is known.5o,25  To our knowledge, γ-H activation of the  
–N(SiMe3)2 ligand by a silyl ligand to give a cyclic complex has not been 
reported.  Here we report the preparation of amide silyl complexes (Me2N)3Ta-
[N(SiMe3)2](SiButPh2) (14) and (Me2N)M[N(SiMe3)2]2(SiButPh2) (M = Zr, 17a; Hf, 
17b), and their conversion to four-membered metallaheterocyclic complexes 
          ┌───────────┐ 
(Me2N)3Ta[N(SiMe3)SiMe2CH2] (15) and {(Me2N)[(Me3Si)2N]- 
┌───────────┐ 
M[N(SiMe3)SiMe2CH2]}2 (M = Zr, 18a; Hf, 18b) through γ-H abstraction by the 
silyl ligands.  The Zr and Hf silyl complexes 17a and 17b were found to be too 
  38 
unstable to be isolated, and were observed in situ by 1H NMR spectroscopy.  The 
formation of the Zr four-membered ring complex 18a from (Me2N)Zr-
[N(SiMe3)2]2Cl (16a) and Li(THF)2SiButPh2 (2) follows consecutive reaction 
kinetics: Second-order reaction to give 17a, followed by first-order γ-H abstraction 
reaction to yield 18a.  Although there are standard procedures to study kinetics of 
two or three consecutive, first-order reactions,26 kinetic studies of a second-order 
reaction, followed by a first-order reaction, as observed here, are rare.27  In 
addition, kinetic studies of the formation of metallaheterocyclic moiety 
┌───────────┐ 
M[N(SiMe3)SiMe2CH2] have, to our knowledge, not been reported.5o,25  An 
analytical method has been developed in the current work for such consecutive 
reactions.  Mathematic models by analytic methods are known to reveal physics 
and chemistry behind observed data and phenomena, and are needed for 
benchmarking and validating numerical solutions and methods.28  The kinetics of 
the consecutive reactions has been studied by both the analytical method 
developed in the current work and a numerical method.  Our preparation of the 
new complexes, the analytical method for the consecutive reactions, kinetic 
studies of the formation of 15 and 18a, and theoretical studies of the γ-H 
abstraction by silyl ligands are reported here.  
Although reactions of O2 with transition-metal alkyl amide complexes have 
been actively investigated, most of the studies focus on dn metal complexes.29  
There are relatively fewer studies of reactions of early transition-metal amide 
complexes with O2.  Schwartz,30a,b Gibson,30c Brindley,30d Wolczanski30e and co-
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workers reported oxygen insertion into the Zr-R bond in the reaction Zr alkyl 
complexes with O2.  Yoo and co-workers found that reactions of O2 with chelating 
diamides (N~N)TiMeX (X = Me, Cl; N~N = silacyclo-alkane or -alkene bridge) 
gave [(N~N)Ti(µ-OMe)X]2.30f  We have found that the four-membered cyclic 
complexes 18a and 18b react with O2 to give five-membered cyclic complexes 
with two –NMe2 ligands in cis- and trans- configurations {(Me2N)[(Me3Si)2N]- 
┌──────────────┐ 
M[N(SiMe3)SiMe2CH2O]}2 (M = Zr, cis-19a and trans-19a; Hf, cis-19b and 
trans-19a) with O insertion into the Zr-C bonds. 
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Scheme 3.1.  Preparation of 14 and 15. 
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Scheme 3.2.  Preparation of 18a-b.  k1 and k2 are the rate constants of the 
conversions of 16a to 17a, and 17a to 18a, respectively. 
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Scheme 3.3.  Preparation of cis-19a-b and trans-19a-b. 
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3.2. Results and Discussion 
3.2.1. Synthesis of Ta amide silyl complex (Me2N)3Ta[N(SiMe3)2](SiButPh2) 
(14) and the kinetic study of its conversion to metallaheterocycle complex 
               ┌───────────┐ 
(Me2N)3Ta[N(SiMe3)SiMe2CH2] (15) 
Treatment of (Me2N)3Ta[N(SiMe3)2]Cl (13) with 1 equiv of 
Li(THF)2SiButPh2 (2) leads first to the silyl complex 14 (Scheme 3.1).  Complex 
14 was found to be unstable and to convert to the metallaheterocycle complex 15 
through a first-order kinetic process to be discussed below.  15 was reported 
earlier, and prepared by either the reaction of 13 with 1 equiv of LiN(SiMe3)2 or 
the reaction of Ta(NMe2)3Cl2 with 2 equiv of LiN(SiMe3)2.5o  In the current 
formation of 15 from 14, the silyl ligand abstracts a γ-H atom from the –N(SiMe3)2 
ligand, giving silane HSiButPh2, and the -CH2-Ta moiety in a four-membered 
cyclic structure.  NMR spectra reveal a Berry pesudorotation process in 14 as 
shown in Figure 3.1.  The peaks of the –SiButPh2 and the –N(SiMe3)2 ligands in 
the 1H NMR spectra of 14 split into two sets of peaks when the temperature was 
cooled below the coalescence temperature of 213 K. 
The kinetics of the 14 → 15 conversion was studied at 288–313 K.  The 
kinetic plots and the Eyring plot are given in Figures 3.2–3.3, respectively.  The 
rate constants are given in Table 3.1.  The Eyring plot gives activation 
parameters: ∆H‡ = 23.6(1.6) kcal/mol and ∆S‡ = 3(5) eu.  The activation enthalpy 
∆H‡ is in the range observed for other reactions involving C-H bond cleavage.  
The activation entropy ∆S‡ is small for this γ-H abstraction process. 
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Figure 3.1.  Variable-temperature 1H NMR spectra of 14. 
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Figure 3.2.  Kinetic plots of the 14 → 15 conversion. 
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Table 3.1.  Rate constants k for the 14 → 15 conversiona 
 
T (K) (k ± δk(ran)) × 105 (s−1) 
288 ± 1 2.98 ± 0.17 
293 ± 1 5.84 ± 0.16 
298 ± 1 11.9 ± 0.3 
303 ± 1 24.50 ± 0.07 
308 ± 1 47.7 ± 0.5 
313 ± 1 83.1 ± 0.4 
 
aThe largest random uncertainty is δk(ran)/k = 0.17/2.98 = 5.7%.  The total 
uncertainty of δk/k = 7.6% was calculated from δk(ran)/k = 5.7% and estimated 
systematic uncertainty δk(sys)/k = 5%.  The total uncertainty δk/k and δT = 1 K 
were used in the calculations of uncertainties in the activation enthalpy ∆H‡ and 
activation entropy ∆S‡ by the error propagation formulas derived from the Eyring 
equation by Girolami and co-workers.31
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Figure 3.3.  Eyring plot of the 14 → 15 conversion. 
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3.2.2. Synthesis and characterization of metallaheterocycle complexes  
         ┌───────────┐ 
{(Me2N)[(Me3Si)2N]M[N(SiMe3)SiMe2CH2]}2 (M = Zr, 18a; Hf, 18b) 
NMR spectra of the reaction of 16a with Li(THF)2SiButPh2 (2) were found 
to slowly give a set of new peaks, which were assigned to the silyl complex 
(Me2N)Zr[N(SiMe3)2]2(SiButPh2) (17a).  Subsequently two new sets of NMR 
peaks, identified to be those of the metallaheterocycle complex 18a and 
HSiButPh2, respectively, appeared and grew slowly.  These observations suggest 
that 17a is unstable, and, as an intermediate, it converts to 18a and HSiButPh2.  
The changes of concentrations of 2, 17a and the product HSiButPh2 vs time are 
shown in Figure 3.4.  The concentration of 17a reaches its maximum, and then 
decreases.  The conversion of 17a to the metallaheterocycle complex 18a and 
HSiButPh2 is a γ-H abstraction process from the –N(SiMe3)2 ligand by the silyl 
ligand.  In the reaction of 16b with Li(THF)2SiButPh2 (2), a similar conversion 
gives the metallaheterocycle complex 18b.  1H-coupled 13C NMR spectra of 18a 
and 18b confirmed the presence of the -CH2- moiety.   
Electron deficiency and open coordination sphere lead to dimerization of  
 ┌───────────┐ 
the monomers “(Me2N)[(Me3Si)2N]M[N(SiMe3)SiMe2CH2]” in the solid state, as 
their crystal structures to be discussed below reveal.  It is interesting to note that 
the dimerization is achieved through the bridging -CH2- moiety rather than an 
amide ligand which often donates its lone-pair electrons to bridge with another 
metal atom.16d,23  If the terminal amide ligands fully donate their lone-pair 
electrons to the metal atoms through the p-d π bonds in the structures of 18a-b
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Figure 3.4.  Kinetic plots of the formation of 18a in Scheme 3.2 in the two runs at 
278 K.
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so that there are 14e in the valence shells for each metal atom, the 3-center-2-
electron bonding in the -CH2- bridges (“CH2-bridging 18a-b” structure, Scheme 
3.4) is expected to further alleviate electron deficiency in these complexes.  In 
other words, a structure with bridging amide ligands (“nitrogen-bridging 18a-b” 
structure, Scheme 3.4) would not take the advantage of the 3-center-2-electron 
bonding, and is perhaps less preferred. 
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Scheme 3.4.  Different models of dimerization in 18a-b. 
 
It is interesting to note that (Me2N)2Zr[N(SiMe3)2](SiButPh2) (28a) also 
undergoes a first-order decomposition process (Section 5.2.3 in Chapter 5) 
giving HSiButPh2, presumably through a γ-H abstraction process. 
 
3.2.3. Kinetics of consecutive reactions involving a second-order reaction 
as the first step 
The first step in the consecutive reactions in Scheme 3.2 to give 
(Me2N)Zr[N(SiMe3)2]2(SiButPh2) (17a) was found to follow second-order kinetics, 
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and its rate constant k1 could be obtained directly from the integrated rate law: 
1/[2] – 1/[2]0 = k1t.  The second step of the consecutive reactions, the formation 
of cyclic 18a from 17a, follows first-order kinetics.  Two different methods were 
employed to calculate the rate constant k2 for the second step (Scheme 3.2): (1) 
Fitting of the data by an analytical method directly derived from consecutive 
reactions – a second-order reaction followed by a first-order reaction; and (2) a 
numerical method.  Kinetic studies by these methods are discussed here. 
(a) Analytical method.  There have been few kinetic studies of the A + B 
→ C → D (+ E) consecutive reactions involving a second-order reaction, followed 
by a first-order reaction.27,32  We thus decided to derive the kinetic formula for 
such consecutive reactions.  From Eq. 3.1,  
 
2
t1 PhHSiBu            2 +⎯→⎯⎯→⎯+ 18a  17a216a kk   (Eq. 3.1) 
t = 0  B0      B0       0                   0  0 
t = t  B      B       C         D  D 
 
B, C, and D are concentrations of 16a (and 2), 17a, and 18a (and HSiButPh2), 
respectively.  The formation of 17a follows standard second-order kinetics.  Thus 
the integrated rare law is 
 
1/B = k1t + 1/B0    or    B = B0/(k1tB0 + 1)    (Eq. 3.2) 
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Fitting 1/B (i.e., 1/[2]) vs t by Eq. 3.2 thus gives the values of k1.  From Eq. 3.1, C, 
the concentration of the intermediate 17a follows Eq. 3.3. 
 
CkBk
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2
2
1 −=      or 2
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2 )1(
        +=+ tkB
kBCk
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 (Eq. 3.3) 
 
This is a  type differential equation.  The solution of such an 
equation is given in Eq. 3.4, and the details of the solution are given in the 
experimental section. 
Qaydtdy =+/
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In the current case, the solution to Eq. 3.3 is thus 
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Using the Taylor expansion, and integrating Eq. 3.5 gives Eq. 3.6 as an infinite 
series.  This series is convergent as the ratio test confirmed.33
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In the current work, kinetic studies were conducted at 278 K.  Plots of 
concentrations of 2, 17a, and HSiButPh2 (B, C, and D, respectively) vs t are given 
in Figure 3.4.  Fitting of Eq. 3.2 gives the rate constant k1 = 2.17(0.03) × 10–3  
M–1s–1 for the first step in Eq. 3.1.  The first 7 terms in Eq. 3.6 and values of k1 
and B0 were used in the fitting by the JMP program (version 5.0.1) to give the 
rate constant k2 = 5.80(0.15) × 10–5 s–1 for the second step in Eq. 3.1.  The value 
of k2 by this analytical method was then compared with that derived by a 
numerical method, which is discussed below. 
(b) Numerical method.  In this approach, the differential equation Eq. 3.3 
was solved to give k2 by a numerical method using the rate constant k1 derived 
from fitting B by Eq. 3.2.  The Gepasi program (version 3.30)34 was used in the 
studies to give k1 = 1.89(0.02) × 10–3 M–1s–1 and k2 = 5.32(0.20) × 10–5 s–1.  Both 
values are close to those calculated by the analytical method. 
The rate constant k2 of γ-H abstraction by a silyl ligand to give the Zr cyclic 
complex 18a at 278 K, the second step in Scheme 3.2, is similar to k = 2.98(0.17) 
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× 10–5 s–1 at 288 K for the similar reaction in Scheme 3.1 to give the Ta cyclic 
complex 15.  As discussed below, theoretical studies show that the formation of 
the metallacyclic complexes through γ-H abstraction is entropically driven. 
 
3.2.4. Reactions of 18a-b with O2.  Oxygen insertion into the M-C bonds to 
afford cis- and trans- metallaheterocycle complexes {(Me2N)[(Me3Si)2N]- 
 ┌──────────────┐ 
M[N(SiMe3)SiMe2CH2O]}2 (cis-19a-b and trans-19a-b)  
  ┌───────────┐ 
(Me2N)3Ta[N(SiMe3)SiMe2CH2] (15) showed no sign of reaction with O2 
even at elevated temperatures.  However, the reactions of four-membered ring  
                                                                         ┌───────────┐ 
metallaheterocycle complexes {(Me2N)[(Me3Si)2N]M[N(SiMe3)SiMe2CH2]}2 (M = 
Zr, 18a; Hf, 18b) with O2 immediately gave five-membered ring 
metallaheterocycle dimeric complexes {(Me2N)[(Me3Si)2N]- 
┌──────────────┐ 
M[N(SiMe3)SiMe2CH2O]}2 (M = Zr, 19a; Hf, 19b; Scheme 3.3).  Oxygen insertion 
into the M-CH2 bonds in 18a-b was observed in the reactions.  Two isomers of 
the products with configurations of the two –NMe2 ligands cis- and trans- to each 
other were isolated in 28.2 and 36.3% yields, respectively, and characterized.  
The core X-ray structures of the two Zr isomers cis-19a and trans-19a are 
shown in Figure 3.5.  In cis-19a, the two –NMe2 ligands are on the same side of 
the plane defined by M(1)-O(1)-M(2)-O(2).  While in trans-19a, these two amide 
ligands are on different sides of the plane. 
The cis- and trans- isomers were separated by fractional crystallization.  
trans-19a and trans-19b are much less soluble in pentane than cis-19a and  
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 (a) 
 
(b) 
 
Figure 3.5.  Molecular drawings of core structures of cis-19a (a) and trans-19a 
(b).
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cis-19b, and were separated first.  In the reaction of 18a with O2 in a J. Young 
NMR tube, a total 64.5% yield of 19a (cis-19a : trans-19a = 28.2 : 36.3%) in 1H 
NMR spectra was observed.  The isolated yields of cis-19a and trans-19a are 
19.8 and 22.7%, respectively.  For their Hf analogs, the isolated yields of cis-19b 
and trans-19b are 16.8 and 22.0%, respectively. 
After O insertion, cis-19a-b and trans-19a-b are inert to O2.  No inter-
conversion of the cis- and trans- isomers at 23 °C was observed.  Re-
crystallization of crystals of trans-19b in THF gave trans-19b, and no cis-19b 
was observed in the crystals from the re-crystallization. 
 
M
R2N
R'N
CH2Me2Si
R'2N M
NR2
NR'
H2C SiMe2
NR'2
M
R2N
H2C
N
Si
Me2
R'2N M
NR2
CH2
N
Me2
Si
NR'2
R'
R'
oxygen-bridged 
cis/trans-19a-b
R = Me, R' = SiMe3
O
O
O
O
nitrogen-bridged 
cis/trans-19a-b  
 
Scheme 3.5.  Different models of dimerization in cis/trans-19a-b. 
 
The O insertion products cis-19a-b and trans-19a-b exist as dimers, as 
their crystal structures to be discussed below show.  As in 18a-b (Scheme 3.4), 
electron deficiency and open coordination sphere lead to dimerization of the  
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        ┌──────────────┐ 
monomer “(Me2N)[(Me3Si)2N]M[N(SiMe3)SiMe2CH2O]” in the solid state.  The 
dimerization is achieved through the bridging -O- moiety (Scheme 3.5).  Since 
both “oxygen-bridged” and “nitrogen-bridged” structures in Scheme 3.5 use the 
lone-pair electrons on O or N atoms to form the bridges in these two structures, 
both structures give the same electron counts (18e if both lone-pair electrons on 
O atoms are donated to the metal atoms through the p-d π bonds). 
The solubilities of both trans-19a and trans-19b are low in benzene-d6.  
They however dissolve well in THF.  The NMR spectra of these new complexes 
were recorded in THF-d8.  1H-coupled 13C NMR spectra of these complexes also 
confirmed the presence of the -CH2- moiety in cis-19a-b and trans-19a-b.  The 
insertion of the O atoms into the M-CH2 bonds led to significant down-field shift of 
the -CH2- resonances from 0.25 ppm in 18a to 4.25 ppm in cis-19a and 4.33 
ppm in trans-19a in 1H NMR.  The -CH2- resonances of 72.56 ppm in cis-19a 
and 72.06 ppm in trans-19a in 13C NMR are also significantly shifted from 37.2 
ppm in 18a.  Similar down-field shifts were observed in cis-19b and trans-19b.  
The diastereotopic -CHaHb- peaks in the 1H NMR spectra of cis-19a, trans-19a, 
and cis-19b were observed as AB second-order systems (Figure 3.6).  The Ha 
and Hb chemical shift differences in the cis- isomers cis-19a-b are much larger 
than those in the trans- isomers trans-19a-b. 
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Figure 3.6.  Diastereotopic -CHaHb- peaks in the 1H NMR spectra of cis-19a-b 
and trans-19a-b in THF-d8. 
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3.2.5. Molecular structures of 14, 16a, 18a-b, cis-19a-b, and trans-19a-b 
A molecular drawing, crystallographic data, and selected bond distances 
and angles of 14 are given in Figure 3.7, Table 3.2, and Table 3.3, respectively.  
The crystal structure of 14 showed a distorted trigonal bipyramidal configuration 
with the –SiButPh2 and the –N(SiMe3)2 ligands in the axial positions, and three  
–NMe2 ligands in the equatorial positions.  The equatorial –NMe2 ligands are 
slightly tilted toward the –SiButPh2 ligand, although the –SiButPh2 ligand is 
sterically more demanding than the –N(SiMe3)2 ligand.  This is perhaps a result 
of the d-p π bonding between Ta and the –N(SiMe3)2 ligand, leading to a shorter, 
stronger Ta(1)-N(4) bond and pushing the equatorial ligands away.  The N(1)-
Ta(1)-N(3) angle [142.11(10)°] is close to that [157.24(7)°] of N(4)-Ta(1)-Si(1). 
The NMR spectra of 14 in Figure 3.1 indicate that the silyl –SiButPh2 and amide  
–N(SiMe3)2 ligands are involved in a Berry pseudorotation process as discussed 
earlier.  For the two –SiMe3 groups in the –N(SiMe3)2 ligand, the Ta(1)⋅⋅⋅C(7) and 
Ta(1)⋅⋅⋅Si(2) distances of 3.37 and 3.21 Å are shorter than the Ta(1)⋅⋅⋅C(12) and 
Ta(1)⋅⋅⋅Si(3) distances of 3.89 and 3.47 Å, respectively.  The Si(2)-N(4)-Ta(1) 
bond angle of 113.90(12)° is significantly smaller than that of Si(3)-N(4)-Ta(1) 
[130.55(13)°].  These observations suggest agostic Siβ-Cγ interaction35 in the Ta-
N(4)-Si(2)-C(7) moiety. 
A molecular drawing, crystallographic data, and selected bond distances 
and angles of 16a are given in Figure 3.8, Table 3.4, and Table 3.5, respectively.  
The structure of 16a adopts a distorted tetrahedral configuration (Figure 3.6). 
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Figure 3.7.  Molecular drawing of 14 showing 30% probability thermal ellipsoids. 
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Table 3.2.  Crystal data and structure refinement for 14 
 
Compound No. 14 
Empirical formula (formula weight) C24H55N4Si3Ta (712.98) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 9.771(3) Å α = 90° 
 b = 33.042(8) Å β = 124.894(15)° 
 c = 12.751(3) Å γ = 90° 
Volume 3376.6(15) Å3 
Z 4 
Density (calculated) 1.403 g/cm3
Absorption coefficient 3.384 mm–1
F(000) 1464 
Crystal size 0.55 × 0.35 × 0.30 mm3
θ  range for data collection 2.04 to 28.34° 
Index ranges –12 ≤ h ≤ 13, –43 ≤ k ≤ 44, –16 ≤ l ≤ 16 
Reflections collected 35528 
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Table 3.2.  Continued  
 
Compound No. 14 
Independent reflections 8104 [R(int) = 0.0276] 
Completeness to θ  = 28.34° 96.3% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4301 and 0.2576 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 8104 / 0 / 380 
Goodness-of-fit on F2 1.198 
Final R indices [I > 2σ(I)] R1 = 0.0261, wR2 = 0.0560 
R indices (all data) R1 = 0.0302, wR2 = 0.0572 
Largest diff. peak and hole 1.522 and –0.857 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 3.3.  Selected bond distances (Å) and angles (º) for 14 
 
Distances 
Ta(1)-N(1) 
Ta(1)-N(2) 
Ta(1)-N(3) 
Ta(1)-N(4) 
Ta(1)-Si(1) 
1.987(2) 
1.949(2) 
1.982(2) 
2.073(2) 
2.9164(10) 
Si(2)-N(4) 
Si(3)-N(4) 
N(1)-C(1) 
Si(2)-C(7) 
1.755(3)  
1.748(2) 
1.457(4) 
1.872(4) 
Angles 
N(4)-Ta(1)-Si(1)  
N(1)-Ta(1)-N(2) 
N(2)-Ta(1)-N(3) 
N(1)-Ta(1)-N(3) 
N(2)-Ta(1)-N(4) 
N(1)-Ta(1)-N(4) 
157.24(7) 
108.96(10) 
105.21(10) 
142.11(10) 
108.87(10) 
91.00(9) 
N(3)-Ta(1)-N(4) 
N(2)-Ta(1)-Si(1) 
N(3)-Ta(1)-Si(1) 
N(1)-Ta(1)-Si(1) 
Si(2)-N(4)-Ta(1) 
Si(3)-N(4)-Ta(1) 
93.11(9) 
93.83(8) 
82.30(7) 
79.61(7) 
113.90(12) 
130.55(13) 
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Figure 3.8.  Molecular drawing of 16a showing 30% probability thermal 
ellipsoids. 
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Table 3.4.  Crystal data and structure refinement for 16a 
 
Compound No. 16a 
Empirical formula (formula weight) C14H42ClN3Si4Zr (491.52) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 10.229(3) Å α = 90° 
 b = 29.358(8) Å β = 105.498(5)° 
 c = 18.166(5) Å γ = 90° 
Volume 5257(3) Å3
Z 8 
Density (calculated) 1.242 g/cm3
Absorption coefficient 0.705 mm–1
F(000) 2080 
Crystal size 0.37 × 0.11 × 0.05 mm3
θ  range for data collection 1.35 to 28.43° 
Index ranges –13 ≤ h ≤ 13, –39 ≤ k ≤ 38, –24 ≤ l ≤ 23 
Reflections collected 56956 
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Table 3.4.  Continued 
 
Compound No. 16a 
Independent reflections 12873 [R(int) = 0.0787] 
Completeness to θ  = 28.43° 97.2% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9656 and 0.7804 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 12873 / 0 / 443 
Goodness-of-fit on F2 1.022 
Final R indices [I > 2σ(I)] R1 = 0.0535, wR2 = 0.1160 
R indices (all data) R1 = 0.1118, wR2 = 0.1366 
Largest diff. peak and hole 1.165 and –0.904 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 3.5.  Selected bond distances (Å) and angles (º) for 16a 
 
Distances 
Zr(1)-N(1) 
Zr(1)-N(2) 
Zr(1)-N(3) 
Zr(1)-Cl(1) 
Si(1)-N(2) 
2.024(3)  
2.056(3) 
2.068(3) 
2.4321(14) 
1.752(3) 
Si(2)-N(2) 
Si(3)-N(3) 
Si(4)-N(3) 
N(1)-C(1) 
Si(1)-C(3) 
1.747(3) 
1.756(4) 
1.743(4) 
1.460(6) 
1.877(5) 
Angles 
N(1)-Zr(1)-N(2)  
N(1)-Zr(1)-N(3) 
N(2)-Zr(1)-N(3) 
N(1)-Zr(1)-Cl(1) 
N(2)-Zr(1)-Cl(1) 
107.70(14)  
100.84(14) 
114.26(13) 
100.63(11) 
101.55(10) 
N(3)-Zr(1)-Cl(1)  
Si(2)-N(2)-Zr(1) 
Si(1)-N(2)-Zr(1) 
Si(4)-N(3)-Zr(1) 
Si(3)-N(3)-Zr(1) 
129.57(10)  
110.29(17) 
126.94(19) 
116.27(19) 
125.17(18) 
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The steric shielding of the two bulky –N(SiMe3)2 ligands prevents dimerization of 
this complex, as observed in [(Me2N)3ZrCl]2(THF).36  Except the N(3)-Zr(1)-Cl(1) 
angle, other angles around the Zr atom in 16a are close to the tetrahedron angle 
of 109.5°.  The Zr(1)⋅⋅⋅C(7) and Zr(1)⋅⋅⋅Si(2) distances of 3.06 and 3.13 Å are 
significantly shorter than other Zr(1)⋅⋅⋅C (3.30–3.96 Å) and Zr(1)⋅⋅⋅Si (3.24–3.41 Å) 
distances, respectively.  The Si(2)-N(2)-Zr(1) and N(2)-Si(2)-C(7) bond angles of 
110.29(17) and 108.22(19)° are smaller than those of Si(1)-N(2)-Zr(1) 
[126.94(19)°] and N(2)-Si(1)-C(4) [111.95(19)°].  These observations suggest 
agostic Siβ-Cγ interaction between Zr(1) and the Zr(1)-N(2)-Si(2)-C(7) moiety.  
The Zr(1)⋅⋅⋅C(12) and Zr(1)⋅⋅⋅Si(4) distances of 3.30 and 3.24 Å are also shorter 
than the Zr(1)⋅⋅⋅C(9) (3.66 Å) and Zr(1)⋅⋅⋅Si(3) (3.40 Å) distances, respectively, 
suggesting agostic Siβ-Cγ interaction in the Zr(1)-N(3)-Si(4)-C(12) moiety as well, 
although the shortenings are not as significant as in the Zr(1)-N(2)-Si(2)-C(7) 
moiety. 
The Zr and Hf complexes 18a and 18b are isomorphous.  Molecular 
drawings, crystallographic data, and selected bond distances and angles of 18a-
b are given in Figures 3.9–3.10, Table 3.6, and Table 3.7, respectively.  In the 
structures of 18a-b, the three cycles defined by N(1)-M(1)-C(1)-Si(1), M(1)-C(15)-
M(2)-C(1), and C(15)-Si(5)-N(4)-M(2), respectively, are almost coplanar.  In 18a, 
the Zr(1)⋅⋅⋅C(7) and Zr(1)⋅⋅⋅Si(3) distances of 3.16 and 3.22 Å are shorter than 
those of Zr(1)⋅⋅⋅C(11) (3.98 Å) and Zr(1)⋅⋅⋅Si(4) (3.44 Å).  The Si(3)-N(2)-Zr(1) and 
N(2)-Si(3)-C(7) bond angles of 113.06(12) and 108.47(14)° are both smaller than  
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Figure 3.9.  Molecular drawing of 18a showing 30% probability thermal 
ellipsoids.   
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Figure 3.10.  Molecular drawing of 18b showing 30% probability thermal 
ellipsoids. 
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Table 3.6.  Crystal data and structure refinement for 18a-b 
 
Compound Nos. 18a 18b 
Empirical formula (formula  
weight) 
C28H82N6Si8Zr2  
(910.13) 
C28H82N6Si8Hf2  
(1084.67) 
Temperature (°C) –100(2)  –100(2) 
Wavelength (Å) 0.71073  0.71073 
Crystal system Triclinic Triclinic 
Space group P-1 P-1 
Unit cell dimensions   
a (Å) 10.172(6) 10.151(4) 
b (Å) 14.421(9) 14.368(5) 
c (Å) 18.947(12) 18.921(7) 
α (°) 105.425(10) 105.330(6) 
β (°) 99.529(10) 99.331(6) 
γ (°) 105.110(10) 105.157(6) 
Volume (Å3) 2503(3)  2488.2(16) 
Z 2 2 
Density (calculated) (g/cm3) 1.208  1.448 
Absorption coefficient (mm–1) 0.632  4.386 
F(000) 968 1096 
Crystal size (mm3) 0.23 × 0.21 × 0.17  0.90 × 0.80 × 0.70 
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Table 3.6.  Continued 
 
Compound Nos. 18a 18b 
θ  range for data collection  1.15 to 28.61° 1.61 to 22.55° 
Index ranges –13 ≤ h ≤ 13 
–19 ≤ k ≤ 19 
–25 ≤ l ≤ 25 
–10 ≤ h ≤ 10 
–15 ≤ k ≤ 15 
–20 ≤ l ≤ 20 
Reflections collected 27249 17207 
Independent reflections 11837 [R(int) = 0.0359] 6503 [R(int) = 0.0510] 
Completeness 92.2% 99.3% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9001 and 0.8682 0.1492 and 0.1101 
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 11837 / 0 / 439 6503 / 0 / 423 
Goodness-of-fit on F2 0.967 0.848 
Final R indices [I > 2σ(I)] R1 = 0.0346, wR2 =  
0.0775 
R1 = 0.0331, wR2 =  
0.0789 
R indices (all data) R1 = 0.0647, wR2 =  
0.0926 
R1 = 0.0508, wR2 =  
0.0921 
Largest diff. peak and hole  1.668 and –0.400 e.Å–3 1.513 and –1.687 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 3.7.  Selected bond distances (Å) and angles (º) for 18a-b 
 
Distances 
 
M(1)-N(1) 
M(1)-N(2) 
M(1)-N(3)  
M(1)-C(1)  
M(1)-C(15) 
M(2)-C(1) 
M(2)-C(15) 
Si(1)-C(1) 
18a (M = Zr) 
2.096(2) 
2.128(2) 
2.018(2) 
2.467(3) 
2.471(3) 
2.474(3) 
2.474(3) 
1.870(3) 
18b (M = Hf)
2.075(6) 
2.112(6) 
2.001(6) 
2.458(7) 
2.459(6) 
2.452(7) 
2.451(7) 
1.874(7) 
 
Si(1)-N(1) 
Si(2)-N(1) 
Si(3)-N(2) 
Si(4)-N(2) 
Si(1)-C(2) 
Si(1)-C(3) 
Si(3)-C(7) 
18a 
1.731(3) 
1.734(2) 
1.723(2) 
1.747(3) 
1.876(4) 
1.866(4) 
1.881(4) 
18b 
1.718(6) 
1.751(6) 
1.733(6) 
1.744(7) 
1.864(10) 
1.864(8) 
1.873(8) 
Angles 
 
N(1)-M(1)-C(1) 
N(1)-M(1)-N(2) 
N(1)-M(1)-N(3) 
N(1)-M(1)-C(15) 152.42(9) 
N(3)-M(1)-C(15) 99.57(10) 
N(3)-M(1)-C(1) 
N(2)-M(1)-C(1) 
Si(2)-N(1)-M(1) 
18a 
74.43(10) 
101.65(9) 
101.47(10) 
105.47(11) 
147.66(10) 
137.82(14) 
18b 
74.6(2) 
101.2(2) 
102.0(2) 
152.6(2) 
99.7(3) 
106.3(3) 
147.6(3) 
138.0(3) 
 
Si(1)-N(1)-M(1) 
N(1)-Si(1)-C(1) 
Si(1)-C(1)-M(1) 
M(1)-C(1)-M(2) 
C(1)-M(1)-C(15)
Si(3)-N(2)-M(1) 
Si(4)-N(2)-M(1) 
18a 
99.28(11) 
100.76(13) 
83.65(12) 
93.11(11) 
82.92(10) 
113.06(12) 
125.18(13) 
18b 
99.6(3) 
100.6(3) 
83.1(3) 
92.1(2) 
83.3(2) 
126.0(3) 
112.9(3) 
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those of Si(4)-N(2)-Zr(1) [125.18(13)°] and N(2)-Si(4)-C(11) [113.99(13)°], 
respectively.  These observations suggest agostic Siβ-Cγ interaction in 18a as 
well. 
The Zr and Hf complexes cis- and trans-19a-b have similar structures.  
Molecular drawings, crystallographic data, and selected bond distances and 
angles of cis-19a and cis-19b are given in Figures 3.11–3.12, Table 3.8, and 
Table 3.9, respectively.  In the structures of cis-19a-b, the three cycles defined 
by N(1)-M(1)-O(1)-C(1)-Si(1), M(1)-O(1)-M(2)-O(2), and N(4)-M(2)-O(2)-C(15)-
Si(15), respectively, are each nearly coplanar.  In cis-19a, the Zr(1)⋅⋅⋅C(9) and 
Zr(1)⋅⋅⋅Si(3) distances of 3.30 and 3.26 Å are significantly shorter than those of 
Zr(1)⋅⋅⋅C(10) (3.81 Å) and Zr(1)⋅⋅⋅Si(4) (3.50 Å).  The Si(3)-N(2)-Zr(1) and N(2)-
Si(3)-C(9) bond angles of 114.74(17) and 108.64(19)° are both smaller than 
those of Si(4)-N(2)-Zr(1) [128.70(18)°] and N(2)-Si(4)-C(10) [112.80(19)°], 
respectively.  These observations suggest agostic Siβ-Cγ interaction in cis-19a. 
The Zr and Hf complexes trans-19a and trans-19b are isomorphous as 
well.  Molecular drawings, crystallographic data, and selected bond distances 
and angles of trans-19a and trans-19b are given in Figures 3.13-3.14, Table 
3.10, and Table 3.11, respectively.  As in cis-19a and cis-19b, the three cycles 
defined by N(1)-M(1)-O(1A)-C(1)-Si(1), M(1)-O(1A)-M(1A)-O(1), and N(1A)-
M(1A)-O(1)-C(1A)-Si(1A), respectively, are also each nearly coplanar in trans-
19a and trans-19b.  The Zr(1)⋅⋅⋅C(7) and Zr(1)⋅⋅⋅Si(3) distances of 4.00 and 3.48 
Å are significantly longer than those of Zr(1)⋅⋅⋅C(11) (3.12 Å) and Zr(1)⋅⋅⋅Si(4) 
  73 
  
 
Figure 3.11.  Molecular drawing of cis-19a showing 30% probability thermal 
ellipsoids. 
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Figure 3.12.  Molecular drawing of cis-19b showing 30% probability thermal 
ellipsoids. 
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Table 3.8.  Crystal data and structure refinement for cis-19a-b 
 
Compound Nos. cis-19a cis-19b 
Empirical formula (formula  
weight) 
C28H82N6O2Si8Zr2  
(942.12) 
C28H82N6O2Si8Hf2 
(1116.70) 
Temperature (°C) –100(2) –100(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Monoclinic Monoclinic 
Space group P2(1)/n P2(1)/c 
Unit cell dimensions   
a (Å) 10.127(3) 14.304(5) 
b (Å) 18.772(5) 18.843(6) 
c (Å) 26.205(7) 18.479(6) 
α (°) 90 90 
β (°) 93.136(5) 91.258(5) 
γ (°) 90 90 
Volume (Å3) 4974(2) 4980(3) 
Z 4 4 
Density (calculated) (g/cm3) 1.258 1.490 
Absorption coefficient (mm–1) 0.641 4.389 
F(000) 2000 2256 
Crystal size (mm3) 0.32 × 0.28 × 0.21 0.28 × 0.22 × 0.21 
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Table 3.8. Continued 
 
Compound Nos. cis-19a cis-19b 
θ  range for data collection  1.34 to 28.39° 1.42 to 28.39° 
Index ranges –13 ≤ h ≤ 13 
–24 ≤ k ≤ 24 
–34 ≤ l ≤ 33 
–18 ≤ h ≤ 18 
–24 ≤ k ≤ 25 
–23 ≤ l ≤ 23 
Reflections collected 50838 52151 
Independent reflections 12084 [R(int) = 0.1051] 12041 [R(int) = 0.0716] 
Completeness 96.9% 96.4% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8771 and 0.8211 0.4592 and 0.3729 
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 12084 / 0 / 441 12041 / 0 / 441 
Goodness-of-fit on F2 0. 915 0.909 
Final R indices [I > 2σ(I)] R1 = 0.0601, wR2 =  
0.1608 
R1 = 0.0405, wR2 =  
0.1061 
R indices (all data) R1 = 0.0846, wR2 =  
0.2063 
R1 = 0.0550, wR2 =  
0.1339 
Largest diff. peak and hole  1.708 and –0.985 e.Å–3 3.246 and –1.856 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 3.9.  Selected bond distances (Å) and angles (º) for cis-19a-b 
 
Distances 
 
 
M(1)-N(1) 
M(1)-N(2) 
M(1)-N(3) 
M(1)-O(1) 
M(1)-O(2) 
cis-19a 
(M = Zr) 
2.118(3) 
2.118(3) 
2.040(4) 
2.175(3) 
2.168(3) 
cis-19b 
(M = Hf) 
2.100(5) 
2.100(5) 
2.034(6) 
2.145(4) 
2.157(4) 
 
 
M(2)-O(1) 
M(2)-O(2) 
Si(1)-N(1) 
C(1)-Si(1) 
C(1)-O(1) 
cis-19a 
 
2.185(3) 
2.206(3) 
1.728(4) 
1.897(5) 
1.464(5) 
cis-19b 
 
2.138(4) 
2.150(4) 
1.729(5) 
1.888(7) 
1.461(7) 
Angles 
 
N(1)-M(1)-N(2) 
N(1)-M(1)-N(3) 
N(2)-M(1)-N(3) 
N(1)-M(1)-O(1) 
N(2)-M(1)-O(1) 
N(3)-M(1)-O(1) 
N(1)-M(1)-O(2) 
N(2)-M(1)-O(2) 
N(3)-M(1)-O(2) 
cis-19a 
104.95(13) 
99.02(14) 
116.01(14) 
83.33(13) 
132.76(12) 
108.08(13) 
149.22(13) 
93.48(12) 
94.55(13) 
cis-19b 
105.3(2) 
98.5(2) 
114.6(2) 
84.13(18) 
133.16(18)
108.9(2) 
150.21(18)
92.80(17) 
95.0(2) 
 
O(1)-M(1)-O(2) 
M(1)-O(1)-M(2) 
Si(1)-N(1)-M(1) 
Si(2)-N(1)-M(1) 
N(1)-Si(1)-C(1) 
O(1)-C(1)-Si(1) 
C(1)-O(1)-M(1) 
Si(3)-N(2)-M(1) 
Si(4)-N(2)-M(1) 
cis-19a 
66.18(11) 
111.24(12) 
118.20(19) 
123.45(19) 
103.93(19) 
109.6(3) 
122.1(3) 
114.74(17) 
128.70(18) 
cis-19b 
66.58(15) 
111.69(18)
116.9(3) 
125.4(3) 
103.5(3) 
109.4(4) 
122.2(4) 
114.4(3) 
128.8(3) 
  78 
  
 
Figure 3.13.  Molecular drawing of trans-19a showing 30% probability thermal 
ellipsoids. 
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Figure 3.14.  Molecular drawing of trans-19b showing 30% probability thermal 
ellipsoids. 
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Table 3.10.  Crystal data and structure refinement for trans-19a-b 
 
Compound Nos. trans-19a trans-19b 
Empirical formula (formula  
weight) 
C28H82N6O2Si8Zr2  
(942.12) 
C28H82N6O2Si8Hf2 
(1116.70) 
Temperature (°C) –100(2) –100(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Orthorhombic Orthorhombic 
Space group Pbca Pbca 
Unit cell dimensions   
a (Å) 15.113(10) 15.090(4) 
b (Å) 17.835(12) 17.812(5) 
c (Å) 18.047(12) 18.071(5) 
α (°) 90 90 
β (°) 90 90 
γ (°) 90 90 
Volume (Å3) 4865(6) 4857(2) 
Z 4 4 
Density (calculated) (g/cm3) 1.286 1.527 
Absorption coefficient (mm–1) 0.656 4.499 
F(000) 2000 2256 
Crystal size (mm3) 0.18 × 0.15 × 0.13 0.25 × 0.23 × 0.09 
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Table 3.10. Continued 
 
Compound Nos. trans-19a trans-19b 
θ  range for data collection  2.10 to 28.51° 2.10 to 22.46° 
Index ranges –20 ≤ h ≤ 19 
–23 ≤ k ≤ 23 
–23 ≤ l ≤ 24 
–16 ≤ h ≤ 16 
–19 ≤ k ≤ 19 
–19 ≤ l ≤ 19 
Reflections collected 50387 32066 
Independent reflections 6067 [R(int) = 0.1091] 3123 [R(int) = 0.0333] 
Completeness 98.3% 98.9% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9196 and 0.8911 0.6876 and 0.3992 
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 6067 / 0 / 221 3123 / 0 / 221 
Goodness-of-fit on F2 0.921 1.043 
Final R indices [I > 2σ(I)] R1 = 0.0441, wR2 =  
0.1030 
R1 = 0.0309, wR2 =  
0.0776 
R indices (all data) R1 = 0.1079, wR2 =  
0.1521 
R1 = 0.0361, wR2 =  
0.0826 
Largest diff. peak and hole  1.704 and –0.731 e.Å–3 3.959 and –0.956 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 3.11.  Selected bond distances (Å) and angles (º) for trans-19a-b 
 
Distances 
 
 
M(1)-N(1) 
M(1)-N(2) 
M(1)-N(3) 
M(1)-O(1) 
M(1)-O(1A) 
Si(1)-N(1) 
trans-19a 
(M = Zr) 
2.131(4) 
2.111(4) 
2.020(4) 
2.176(4) 
2.211(4) 
1.733(4) 
trans-19b 
(M = Hf) 
2.117(5) 
2.106(5) 
2.019(5) 
2.149(4) 
2.177(4) 
1.741(5) 
 
 
C(1)-Si(1) 
C(1)-O(1A) 
Si(2)-N(1) 
Si(3)-N(2) 
Si(4)-N(2) 
C(2)-Si(1) 
trans-19a 
 
1.835(6) 
1.425(6) 
1.735(4) 
1.740(4) 
1.742(4) 
1.865(6) 
trans-19b 
 
1.869(7) 
1.458(8) 
1.738(5) 
1.744(5) 
1.735(5) 
1.860(7) 
Angles 
 
N(1)-M(1)-N(2) 
N(1)-M(1)-N(3) 
N(2)-M(1)-N(3) 
N(1)-M(1)-O(1) 
N(2)-M(1)-O(1) 
N(3)-M(1)-O(1) 
N(1)-M(1)-O(1A) 
N(2)-M(1)-O(1A) 
N(3)-M(1)-O(1A) 102.51(16) 
trans-19a 
105.73(15) 
100.49(16) 
107.27(16) 
146.70(14) 
92.65(14) 
100.13(16) 
82.70(14) 
146.73(14) 
trans-19b 
105.68(18)
101.2(2) 
106.2(2) 
146.18(17)
93.40(17) 
99.82(19) 
83.64(16) 
146.67(17)
103.07(18)
 
O(1)-M(1)-O(1A)
M(1)-O(1)-M(1A)
Si(1)-N(1)-M(1) 
Si(2)-N(1)-M(1) 
N(1)-Si(1)-C(1) 
O(1A)-C(1)-Si(1)
C(1A)-O(1)-M(1)
Si(3)-N(2)-M(1) 
Si(4)-N(2)-M(1) 
trans-19a 
67.47(16) 
112.53(16) 
113.2(2) 
130.6(2) 
104.2(2) 
105.2(4) 
129.8(3) 
128.7(2) 
111.8(2) 
trans-19b 
65.92(18) 
114.07(18)
114.8(2) 
130.1(3) 
102.4(3) 
106.1(4) 
128.5(3) 
111.5(3) 
129.2(3) 
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(3.20 Å).  The Si(3)-N(2)-Zr(1) and N(2)-Si(3)-C(7) bond angles of 128.7(2) and 
114.4(2)° are both larger than those of Si(4)-N(2)-Zr(1) [111.8(2)°] and N(2)-
Si(4)-C(11) [108.2(2)°], respectively.  These observations suggest agostic Siβ-Cγ 
interaction in trans-19a. 
 
3.2.6 Theoretical studies of the γ-H abstraction process 
The following theoretical studies were conducted by Professor Zhenyang 
Lin’s group at the Hong Kong University of Science and Technology.  They are 
included here to provide an understanding of the experimental observations 
discussed in this chapter. 
Kinetic studies discussed above show that the conversion from 14 to the 
metallacyclic complex 15 (Scheme 3.1) is a first-order reaction, suggesting that 
the γ-H abstraction is an intramolecular process.  To understand how 14 
undergoes the γ-H abstraction, we carried out theoretical studies with the aid of 
B3LYP density functional theory calculations. 
Figure 3.15 shows the potential energy profile calculated for the 
conversion of complex A, a model complex of 14, to complex B, a model 
complex of 15.  The activation free energy is calculated to be 35.0 kcal/mol.  The 
activation energy (36.5 kcal/mol) differs only slightly from the activation free 
energy because the reaction is an intramolecular process.  The activation free 
energy is at the lower end of those reported for γ-H abstraction mediated by 
Group 4 transition-metal complexes.37  The calculated activation energy is,  
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Figure 3.15.  Potential energy profile for the γ-H abstraction process.  Relative 
free energies (in kcal/mol) are given together with the relative energies (the 
values in parentheses). 
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however, much greater than the experimentally measured ∆H‡ value, likely due 
to the gas-phase model employed in our calculations.  The reaction energy is 
calculated to be –1.5 kcal/mol while the reaction free energy is –16.7 kcal/mol, 
indicating that the γ-H abstraction is entropically driven.  This result is consistent 
with early experimental findings that the entropy contribution is crucial in the 
formation of actinacyclobutanes through γ-H abstraction in complexes of the type 
Cp2Th(CH2CMe3)2.38 
The calculated structures of model complexes A and B (Figure 3.16) 
reproduce well the experimental structures of 14 and 15, respectively, suggesting 
that the level of theory used is appropriate.  Examining the TS structure, we find 
that it is a typical 4-center transition state commonly observed in σ-bond 
metathesis mediated by d0 early-transition-metal and rare-earth-metal systems.39  
In the transition state, there is a strong interaction between Ta and the migrating 
H atom, suggesting that the metal center plays an important role in the 
abstraction process.  This is a result of 4-center-4-electron bonding interaction.39 
As mentioned above, NMR spectra reveal a Berry pesudorotation process 
in 14.  One may wonder if it is possible for a pathway having the γ-H abstraction 
with an equatorial –N(SiMe3)2 ligand.  Our model calculations showed that the 
activation free energy for such a pathway was 50.0 kcal/mol, significantly higher 
than that for the pathway discussed above.  The reason for having such a high 
barrier is explained as follows.  With the complex having the –N(SiMe3)2 ligand in 
the equatorial plane, the γ-H abstraction occurs through a transition state  
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Figure 3.16.  B3LYP/LANL2DZ optimized structures for species shown in Figure 
3.15.  Selected bond distances (Å) calculated for the species are given.  The 
values in parentheses were taken from the X-ray crystal structures of 14 and 15.  
For the purpose of clarity, the H atoms of some methyl groups are omitted. 
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structure in which the metal center cannot have an interaction with the migrating 
H atom due to the small angle formed between the equatorial –N(SiMe3)2 and 
axial silyl ligands.  In other words, the metal center does not play a role in 
stabilizing the transition state in such a pathway.  Therefore, the corresponding 
transition state structure is highly unstable. 
It should be noted that in our calculations –SiH3 is used to model the  
–SiMe3 ligand.  One may question whether or not the agostic feature of the  
–SiMe3 ligand is well modeled.  We did a testing calculation on a model by 
replacing –SiH3 with –SiMe3 in A.  The SiMe3-model calculated does not differ 
much from A.  Except a slightly longer Ta-Si bond (2.805 Å in comparison to 
2.759 Å in A), the differences for all other bonds are within 0.01 Å.  The 
distances between Ta and β-H atoms in the SiMe3-model calculated are greater 
than 3.9 Å.  Clearly, no agostic C-H interactions can be found in the Ta-SiMe3 
moiety.  The strong Ta-N π interactions probably prevent the formation of the 
agostic C-H bonds in these complexes.  Although there are no clear signs of 
agostic C-H interactions in the Ta-SiMe3 moiety, agostic Siβ-Cγ interactions in the 
Ta-N(SiMe3)2 moieties exist in the crystal structure of 14, as mentioned above.  
In the calculated model complex A where the disilylamide ligand was modeled by 
–N(SiH3)(SiH2Me), close contacts can be found between Ta and the Siβ-Cγ bond.  
The Ta⋅⋅⋅Cγ and Ta⋅⋅⋅Siβ distances calculated for A are 3.68 and 3.40 Å, 
respectively, comparable to the experimental findings, although they are slightly 
longer due to the model ligands used in the gas-phase structure calculations. 
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3.3. Conclusions 
In the current chapter, Zr, Hf, and Ta metallaheterocyclic complexes were 
prepared from γ-H abstraction by silyl ligands.  It is interesting to note that silyl 
ligands in these silyl amide complexes are labile, and undergo the γ-H 
abstraction.  The theoretical calculations here show that formation of the 
metallacyclic complexes through γ-H abstraction is entropically driven, and that 
the reaction involves a 4-center transition state, similar to those commonly 
observed in σ-bond metathesis of other d0 metal systems.  The kinetics of these 
γ-H abstraction reactions has been studied.  The Zr silyl amide complex provides 
a rare case of two-step consecutive reactions involving a second-order reaction 
followed by a first-order decomposition.  Our work has led to an analytical 
method for kinetic studies of such consecutive reactions.  In the current work, the 
Zr and Hf metallaheterocyclic complexes 18a-b were found to react with O2 to 
give O-inserted complexes with two different configurations.  It is not clear why 
the oxygen insertion occurs only into the M-C but not the M-N bonds in cis-19a-b 
and trans-19a-b. 
 
3.4. Experimental Section 
3.4.1. General procedures 
All manipulations were performed under a dry nitrogen atmosphere with 
the use of either a dry box or standard Schlenk techniques.  All solvents were 
purified by distillation from potassium/benzophenone ketyl.  Benzene-d6, toluene-
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d8, and THF-d8 were dried over activated molecular sieves and stored under N2.  
TaCl5 (Strem) was used as purchased.  ZrCl4 and HfCl4 (Strem) were freshly 
sublimed under vacuum.  Li(THF)2SiButPh2 (2)15 and (Me2N)3Ta[N(SiMe3)2]Cl 
(13)5o were prepared according to literature procedures.  1H, 13C{1H}, and 
29Si{1H} NMR spectra were recorded on a Bruker AMX-400 spectrometer and 
referenced to solvent (residual protons in the 1H spectra).  29Si chemical shifts 
were referenced to SiMe4.  The formation of HSiButPh2 in the conversions of 14 
to 15, 17a to 18a, and 17b to 18b was confirmed by comparisons with its 
standard NMR spectra.  Elemental analyses were performed by Complete 
Analysis Laboratories Inc., Parsippany, New Jersey.   
For the kinetic studies, the rate constants k, k1, and k2 were obtained from 
at least two separate experiments at a given temperature, and their averages are 
listed.  The estimated uncertainty in the temperature measurements for an NMR 
probe was 1 K.  The enthalpy (∆H‡) and entropy (∆S‡) were calculated from an 
unweighted nonlinear least-squares procedure contained in the SigmaPlot 
Scientific Graph System.  The uncertainties in ∆H‡ and ∆S‡ were computed from 
the following error propagation formulas (Eqs. 3.8 and 3.9),25b which were 
derived from: 
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3.4.2. Preparation of (Me2N)3Ta[N(SiMe3)2](SiButPh2) (14) 
To a mixture of (Me2N)3Ta[N(SiMe3)2]Cl (13, 0.640 g, 1.26 mmol) and 
Li(THF)2SiButPh2 (2, 0.480 g, 1.51 mmol, 20% excess) was added hexanes (30 
mL) at –50 °C.  The solution was warmed to room temperature and stirred for 4 
h.  The solution was then filtered, concentrated, and cooled at –35 °C overnight 
to give brown crystals of 14 (0.483 g, 0.735 mmol, 58.5% yield).  1H NMR 
(benzene-d6, 400.1 MHz, 15 °C) δ 7.82, 7.27 (m, C6H5), 3.17 (s, 18H, NMe2), 
1.23 (s, 9H, SiCMe3Ph2), 0.11 [s, 18H, N(SiMe3)2]; 13C{1H} NMR (benzene-d6, 
100.0 MHz, 15 °C) δ 149.4, 138.8, 138.0, 137.4, 136.5 (C6H5), 48.9 (NMe2), 31.7 
(SiCMe3Ph2), 26.2 (SiCMe3Ph2), 5.8 [N(SiMe3)2];  29Si{1H} NMR (benzene-d6, 
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127.1 MHz, 10 °C) δ 62.7 (SiButPh2), –2.18 [N(SiMe3)2].  Anal. Calcd for 
C28H55N4Si3Ta: C, 47.17; H, 7.78.  Found: C, 46.95; H, 7.92. 
 
3.4.3. Preparation of (Me2N)Zr[N(SiMe3)2]2Cl (16a) 
A slurry of ZrCl4 (4.00 g, 17.2 mmol) in THF (30 mL) was treated with 1 
equiv of LiNMe2 (0.876 g, 17. 2 mmol) in THF at –30 °C.  The reaction mixture 
was stirred overnight after the temperature was warmed to room temperature.  
Two equiv of LiN(SiMe3)2 (5.74 g, 34.3 mmol) in THF (30 mL) was added at –30 
°C, and the mixture was stirred overnight at room temperature.  All volatiles were 
removed in vacuo, and the product was extracted with hexanes (50 mL).  The 
solution was filtered, concentrated and cooled at –35 °C overnight to give 
colorless crystals of 16a (7.21 g, 14.7 mmol, 85.3% yield).  1H NMR (benzene-d6, 
400.0 MHz, 23 °C) δ 3.01 (s, 6H, NMe2), 0.33 [s, 36H, N(SiMe3)2]; 13C{1H} NMR 
(benzene-d6, 100.0 MHz, 23 °C) δ 45.1 (NMe2), 4.7 [N(SiMe3)2].  Anal. Calcd for 
C14H42N3Si4ClZr: C, 34.21; H, 8.61.  Found: C, 33.95; H, 8.57. 
 
3.4.4. Preparation of (Me2N)Hf[N(SiMe3)2]2Cl (16b) 
A slurry of HfCl4 (5.00 g, 15.6 mmol) in THF (40 mL) was treated with 1 
equiv of LiNMe2 (0.797 g, 15.6 mmol) at –30 °C.  The reaction mixture was then 
stirred overnight after the mixture was warmed to room temperature.  Two equiv 
of LiN(SiMe3)2 (5.22 g, 31.2 mmol) in THF (30 mL) was added at –30 °C, and the 
mixture was stirred overnight.  All volatiles were removed in vacuo, and the 
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product was extracted with hexanes (50 mL).  The solution was filtered, 
concentrated, and cooled at –35 °C for 1 day to give colorless crystals of 16b 
(7.42 g, 12.8 mmol, 82.2% yield).  1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 
3.04 (s, 6H, NMe2), 0.33 [s, 36H, N(SiMe3)2]; 13C{1H} NMR (benzene-d6, 100.0 
MHz, 23 °C) δ 44.0 (NMe2), 5.0 [N(SiMe3)2].  Anal. Calcd for C14H42N3Si4ClHf: C, 
29.05; H, 7.31.  Found: C, 28.93; H, 7.47. 
 
                          ┌───────────┐ 
3.4.5. Preparation of {(Me2N)[(Me3Si)2N]Zr[N(SiMe3)SiMe2CH2]}2 (18a) 
To a mixture of (Me2N)Zr[N(SiMe3)2]2Cl (16a, 0.707 g, 1.44 mmol) and 
Li(THF)2SiButPh2 (2, 0.459 g, 1.44 mmol) was added toluene (30 mL) at –30 °C.  
The mixture was stirred for 4 h after the temperature was warmed to room 
temperature.  Pentane (20 mL) was added after volatiles were removed in vacuo.  
The brown solution was filtered, concentrated, and cooled at –35 °C overnight to 
give colorless crystals of 18a (0.451 g, 0.496 mmol, 68.9% yield).  1H NMR (THF-
d8, 400.0 MHz, 23 °C) δ 2.99 (s, 6H, NMe2), 0.30 (s, 3H, SiMe), 0.25 (s, 2H, 
SiCH2), 0.22 [s, 18H, N(SiMe3)2], 0.20 (s, 3H, SiMe), 0.14 (s, 9H, SiMe3); 13C{1H} 
NMR (THF-d8, 100.0 MHz, 23 °C) δ 45.8 (NMe2), 37.2 (SiCH2), 5.7 (SiMe), 5.3 
(SiMe3), 5.2 [N(SiMe3)2], 4.9 (SiMe).  In benzene-d6 at 23 °C, the CH2 resonance 
was not resolved in the 13C NMR spectrum.  When 2 equiv of THF was added 
into solution, and the CH2 peak at 37.3 ppm in 13C NMR spectrum sharpened.  
Anal. Calcd for C28H82N6Si8Zr2: C, 36.95; H, 9.08.  Found: C, 36.73; H, 8.98. 
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3.4.6. Preparation of {(Me2N)[(Me3Si)2N]Hf[N(SiMe3)SiMe2CH2]}2 (18b) 
A mixture of (Me2N)Hf[N(SiMe3)2]2Cl (16b, 1.29 g, 2.23 mmol) and 
Li(THF)2SiButPh2 (2, 0.459 g, 2.24 mmol) was added toluene at –30 °C.  The 
reaction mixture was stirred for 4 h after the mixture was warmed to room 
temperature.  Pentane (20 mL) was added after all volatiles were removed in 
vacuo.  The brown solution was filtered, concentrated, and cooled at –35 °C 
overnight to give colorless crystals of 18b (0.766 g, 0.706 mmol, 63.3% yield).  
1H NMR (THF-d8, 400.0 MHz, 23 °C) δ 3.01 (s, 6H, NMe2), 0.25 (s, 2H, SiCH2), 
0.24 (s, 3H, SiMe), 0.23 (s, 3H, SiMe), 0.21 [18H, N(SiMe3)2], 0.14 (9H, SiMe3); 
13C{1H} NMR (THF-d8, 100.0 MHz, 23 °C) δ 45.8 (NMe2), 42.1 (SiCH2), 5.5 
(SiMe), 5.4 (SiMe3), 5.3 [N(SiMe3)2], 4.8 (SiMe).  Anal. Calcd for C28H82N6Si8Hf2: 
C, 31.01; H, 7.62.  Found: C, 30.83; H, 7.47. 
 
3.4.7. Kinetic study of the conversion of (Me2N)3Ta[N(SiMe3)2](SiButPh2) 
(14) to 15 
Complex 14 was mixed with 4,4’-dimethyl biphenyl as an internal standard 
in a J. Young NMR tube.  The mixture was frozen in liquid nitrogen as soon as 
toluene-d8 was added.  For kinetics studies at 288–303 K, the NMR spectrometer 
was pre-set to the temperature, and the NMR tube was briefly thawed shortly 
before the NMR tube was inserted to the spectrometer.  1H spectra at 288–303 K 
were recorded directly on the NMR spectrometer.  For the kinetic studies at 308 
and 313 K, the reaction was carried out in a heating circulation system.  The 
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solutions were then placed in a liquid nitrogen bath to quench the reaction, and 
the spectra were taken at 258 K.  Rate constants derived from fitting of the data 
by first-order kinetics are given in Table 3.1.
 
3.4.8. Kinetic study of the formation of {(Me2N)[(Me3Si)2N]- 
 ┌───────────┐ 
Zr[N(SiMe3)SiMe2CH2]}2 (18a) at 278 K 
In a typical kinetic study of the formation of 18a, (Me2N)Zr[N(SiMe3)2]2Cl 
(16a) and Li(THF)2SiButPh2 (2) were mixed in a 1:1 ratio with 4,4’-dimethyl 
biphenyl as an internal standard in a J. Young NMR tube.  The mixture was 
immediately frozen in liquid nitrogen after toluene-d8 was added.  The 1H spectra 
were then taken at 278 K on a NMR spectrometer.  In the first run, 16a (36.9 mg, 
0.0751 mmol), 2 (23.9 mg, 0.0751 mmol), and 4,4’-dimethyl biphenyl (11.2 mg, 
0.0615 mmol) were mixed to give a solution of 0.558 mL.  In the second run, 16a 
(36.3 mg, 0.0738 mmol), 2 (23.5 mg, 0.0738 mmol), and 4,4’-dimethyl biphenyl 
(11.7 mg, 0.0642 mmol) were mixed to give a solution of 0.542 mL.  The first step 
of the consecutive reactions, the formation of (Me2N)Zr[N(SiMe3)2]2(SiButPh2) 
(17a) from 16a and 2 (Scheme 3.2), was found to follow second-order kinetics, 
and rate constants of the reaction were directly calculated from the plots of 
1/[LiSiButPh2] vs t.  The second step of the consecutive reactions, the conversion 
of 17a to give cyclic 18a, was found to follow first-order kinetics, as discussed 
below.  Two different methods were employed to calculate the rate constant k2 
for the second step (Scheme 3.2): (1) Fitting of the data by an analytical method 
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directly derived from consecutive reactions – a second-order reaction followed by 
a first-order reaction; and (2) a numerical method.  The JMP program version 
5.0.1 (SAS Institute Inc., Cary, North Carolina) was used for data fitting and 
simulation by the analytical method.  In the numerical method, the Gepasi 
program (version 3.30) was used, and the fitting method was conducted by the 
Levenberg-Marquardt method with maximum of 500 iterations and 0 tolerance.34 
 
3.4.9. Kinetic studies of the conversion of 16a to 18a.  Calculations of the 
start of the experiments 
The preparation of the NMR samples at 296 K, their loading into the NMR 
spectrometer, stabilization of the temperature-control unit on the spectrometer, 
and shimming of the NMR samples at 278 K required time.  Thus by the time the 
spectra were recorded, a significant degree of the consecutive reactions in Eq. 
3.11 have occurred at various temperatures. 
The actual time of the reaction at 278 K 
 
t = t’ + a       (Eq. 3.10) 
 
where t’ is the time recorded after the start of the NMR recording, and a is the 
time required at 278 K to have the reaction proceed to the same degree as that 
at the start of the NMR recording.  a needs to be derived to give the correct time 
t. 
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The following method was used to derive a.  First, the plot of 
1/[LiSiButPh2]t’ (= 1/B) vs t’ (Figure 3.17) by Eq. 3.11 was made from the NMR 
spectra to give the slope = k1 = 0.128 M–1 min–1 and intercept = 12.2 for the first 
run. 
 
interceptt'k
B
+= 11       (Eq. 3.11) 
 
Using Eq. 3.11, Eq. 3.12 becomes 
 
 .at.interceptatk
B
212)(1280)(1 1 +−×=+−=   (Eq. 3.12) 
 
At t = 0, 1/B = 1/B0 = 7.94 for the first run   (Eq. 3.13) 
 
where B0 = 0.136 M was calculated from the mass of the reactants and the 
volume of the NMR solvent.  Thus, from Eq. 3.12, we have 7.35 = 0.128 (0 – a) + 
12.2 or a = 37.9 min for the first run.  Thus 
 
t = t’ + 37.9 min        (Eq. 3.14) 
 
Eq. 3.14 is used to calculate the actual reaction time t.  For the second run, a = 
51.9 min. 
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Figure 3.17.  Second-order plots of 1/[2] = 1/B vs recorded time t’.
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Then the following times were used in data fitting by the JMP program 
version 5.0.1 and the numerical calculations by the Gepasi program:  (t’ + 37.9) × 
60 in sec for the first run and (t’ + 51.9) × 60 in sec for the second run. 
 
                                                          ┌──────────────┐ 
3.4.10.  Preparation of {(Me2N)[(Me3Si)2N]Zr[N(SiMe3)SiMe2CH2O]}2 (cis-19a 
and trans-19a) 
To a mixture of (Me2N)Zr[N(SiMe3)2]2Cl (16a, 0.848 g, 1.73 mmol) and 
Li(THF)2SiButPh2 (2, 0.550 g, 1.73 mmol) was added toluene (30 mL) at –30 °C.  
The solution was allowed to warm to room temperature, and mixture was stirred 
overnight.  O2 (0.5 equiv) was introduced to the solution, and the mixture was 
stirred for 40 min.  All volatiles were removed in vacuo, and the solid was 
extracted with pentane (20 mL).  The solution was filtered, concentrated, and 
cooled to –36 °C to give colorless crystals (trans-19a, 0.185 g, 0.196 mmol, 
22.7% yield).  The mother liquid was collected and all the volatiles were removed 
in vacuo.  The solid thus obtained was crystallized in Et2O at –36 °C to give 
colorless crystals (cis-19a, 0.161 g, 0.170 mmol, 19.8% yield).   
For cis-19a:  1H NMR (THF-d8, 400.0 MHz, 25 °C) δ 4.41, 4.37, 4.18, 4.17 
(2H, SiCH2O, AB second-order system), 3.12 (s, 6H, NMe2), 0.314 (s, 9H, 
SiMe3), 0.298 [s, 18H, N(SiMe3)2], 0.293 (s, 3H, SiMe), 0.163 (s, 3H, SiMe); 
13C{1H} NMR (THF-d8, 100.0 MHz, 25 °C) δ 73.12 (SiCH2), 48.00 (NMe2), 5.82 
(SiMe3), 5.61 [N(SiMe3)2], 3.97 (SiMe), 2.10 (SiMe).  1H NMR (benzene-d6, 400.0 
MHz, 25 °C) δ 4.48, 4.44, 4.27, 4.24 (2H, SiCH2O, AB second-order system), 
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3.07 (s, 6H, NMe2), 0.416 [s, 18H, N(SiMe3)2], 0.406 (s, 9H, SiMe3), 0.318 (s, 3H, 
SiMe), 0.176 (s, 3H, SiMe); 13C{1H} NMR (benzene-d6, 100.0 MHz, 25 °C) δ 
72.56 (SiCH2), 47.52 (NMe2), 5.66 (SiMe3), 5.48 [N(SiMe3)2], 3.82 (SiMe), 1.97 
(SiMe). 
For trans-19a:  The complex is only slightly soluble in benzene-d6.  1H 
NMR (THF-d8, 400.0 MHz, 25 °C) δ 4.36, 4.33, 4.32, 4.28 (2H, SiCH2O, AB 
second-order system), 3.09 (s, 6H, NMe2), 0.329 [s, 18H, N(SiMe3)2], 0.310 (s, 
9H, SiMe3), 0.280 (s, 3H, SiMe), 0.268 (s, 3H, SiMe); 13C{1H} NMR (THF-d8, 
100.0 MHz, 25 °C) δ 72.06 (SiCH2), 46.73 (NMe2), 6.31 (SiMe3), 5.32 
[N(SiMe3)2], 3.90 (SiMe), 3.05 (SiMe).  The chemical shifts of -CH2- in benzene-
d6 are 4.35 and 71.48 ppm in 1H and 13C NMR spectra, respectively.  Anal. Calcd 
for C28H82O2N6Si8Zr2: C, 35.69; H, 8.77.  Found: C, 35.53; H, 8.92. 
 
                            ┌──────────────┐ 
3.4.11.  Preparation of {(Me2N)[(SiMe3)2N]Hf[N(SiMe3)SiMe2CH2O]}2 (cis-19b 
and trans-19b) 
To a mixture of (Me2N)Hf[N(SiMe3)2]2Cl (16b, 1.30 g, 2.25 mmol) and 
Li(THF)2SiButPh2 (2, 0.716 g, 2.25 mmol) was added toluene (30 mL) at –30 °C.  
The solution was warmed to room temperature, and then stirred overnight.  0.5 
equiv of O2 was introduced, and the reaction mixture was stirred for 40 min.  The 
solid was extracted by pentane (20 mL) after all volatiles were removed in vacuo.  
The clear solution was filtered, concentrated to 12 mL, and cooled to –36 °C to 
give colorless crystals (trans-19b, 0.276 g, 0.247 mmol, 22.0% yield).  The 
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mother liquid was collected and all the volatiles were removed in vacuo.  The 
solid thus obtained was crystallized in Et2O at –36 °C to give colorless crystals 
(cis-19b, 0.211 g, 0.189 mmol, 16.8% yield). 
For cis-19b:  1H NMR (THF-d8, 400.0 MHz, 25 °C) δ 4.43, 4.40, 4.15, 4.11 
(2H, SiCH2O, AB second-order system), 3.14 (s, 6H, NMe2), 0.314 (s, 9H, 
SiMe3), 0.297 [s, 18H, N(SiMe3)2], 0.286 (s, 3H, SiMe), 0.184 (s, 3H, SiMe); 
13C{1H} NMR (THF-d8, 100.0 MHz, 25 °C) δ 71.82 (SiCH2), 47.66 (NMe2), 5.99 
(SiMe3), 5.81 [N(SiMe3)2], 4.14 (SiMe), 2.45 (SiMe).  1H NMR (benzene-d6, 400.0 
MHz, 25 °C) δ 4.50, 4.46, 4.24, 4.20 (2H, SiCH2O, AB second-order system), 
3.14 (s, 6H, NMe2), 0.412 [s, 18H, N(SiMe3)2], 0.403 (s, 9H, SiMe3), 0.305 (s, 3H, 
SiMe), 0.174 (s, 3H, SiMe); 13C{1H} NMR (benzene-d6, 100.0 MHz, 25 °C) δ 
71.25 (SiCH2), 47.20 (NMe2), 5.83 (SiMe3), 5.67 [N(SiMe3)2], 3.99 (SiMe), 2.32 
(SiMe). 
For trans-19b:  The complex is also only slightly soluble in benzene-d6.  
1H NMR (THF-d8, 400.0 MHz, 25 °C) δ 4.30 (s, 2H, SiCH2O), 3.09 (s, 6H, NMe2), 
0.303 [18H, N(SiMe3)2], 0.282 (9H, SiMe3), 0.257 (3H, SiMe), 0.250 (3H, SiMe); 
13C{1H} NMR (THF-d8, 100.0 MHz, 25 °C) δ 70.77 (SiCH2), 46.42 (NMe2), 6.45 
(SiMe3), 5.46 [N(SiMe3)2)], 4.10 (SiMe), 3.30 (SiMe).  The chemical shifts of CH2 
in benzene-d6 are 4.38, 4.35, 4.33, 4.30 (2H, SiCH2O, AB second-order system) 
and 70.18 ppm in 1H and 13C NMR spectra, respectively.  Anal. Calcd for 
C28H82O2N6Si8Hf2: C, 30.12; H, 7.40.  Found: C, 29.89; H, 7.64. 
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3.4.12.  Determination of X-ray crystal structures of 14, 16a, 18a-b, cis-19a-
b, and trans-19a-b 
The data for the crystal structures of these complexes were collected on a 
Bruker AXS Smart 1000 X-ray diffractometer with Mo radiation, equipped with a 
CCD area detector, and fitted with an upgraded Nicolet LT-2 low temperature 
device.  Suitable crystals were coated with paratone oil (Exxon) and mounted on 
a hairloop under a stream of nitrogen gas at –100(2) °C.  The structures of 16a 
and cis-19b were solved by Patterson methods while the others by direct 
methods.  In all cases the non-hydrogen atoms were refined with anisotropic 
displacement coefficients.  All hydrogen atoms were included in the structure 
factor calculation at idealized positions and were allowed to ride on the 
neighboring atoms with relative isotropic displacement coefficients.   Empirical 
absorption correction was performed with SADABS.20a  All calculations were 
performed using SHELXTL (version 5.1) proprietary software package.20b 
 
3.4.13.  Computation details 
Density functional theory calculations at the Becke3LYP (B3LYP) level 
have been used to perform the geometry optimizations for reactants, transition 
states, and products studied here.  Frequency calculations at the same level of 
theory have also been performed to identify all stationary points as minima (zero 
imaginary frequency) or transition states (one imaginary frequency).  The 
effective core potentials (ECPs) of Hay and Wadt with double-ζ valence basis set 
(LanL2DZ)40a were used to describe Ta and Si.  For all other atoms, the standard 
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6-31G basis set was used.  Polarization functions have been added for Si [ζ(d) = 
0.262] and for the H atom [ζ(p) = 1.1] involved in the γ-H abstraction process.  To 
examine the basis set dependence, we also performed single-point energy 
calculations with a better basis set.  In the better basis set, instead of 6-31G, 6-
31G** was used for C, N, and H atoms.  With the smaller basis set, the relative 
energies for A, TS, and B are 0.0, 36.5, and –1.5 kcal/mol, respectively.  With the 
better basis set, the relative energies for A, TS, and B are 0.0, 36.0, and –1.5 
kcal/mol, respectively.  These additional calculations suggest that the basis set 
used is appropriate.  Here, A and B are the model complexes of 14 and 15, 
respectively.  Their structural details can be found in Section 3.2.6.  All 
calculations were performed with the use of the Gaussian 98 package40b on 
Silicon Graphics Indigo workstations and PC Pentium IV computers. 
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CHAPTER 4 
Deprotonation Reactions of Zirconium and Hafnium Amide 
Complexes H2N-M[N(SiMe3)2]3 and Subsequent Silyl Migration 
from Amide –N(SiMe3)2 to Imide =NH Ligands 
 
4.1. Introduction 
Metal amide complexes are of intense current interest as precursors to 
metal nitrides, M-Si-N ternary solids, and metal oxides in molecular approaches 
to microelectronic thin film materials.41  Ammonolysis between NH3 and M(NR2)n 
plays a critical role in the preparation of nitrides and M-Si-N ternary solids.8  In 
addition, ammonolysis between NH3 and MCln has also been used to make metal 
nitrides.8a-c  Metal amide (–NH2), imide (=NH), and nitride (≡N) are believed to be 
among the intermediates.  Only a few isolated early-transition-metal complexes 
containing –NH2 ligands have been reported,42 and they usually have ancillary 
ligands such as Cp* (C5Me5).42b,c
Silyl migration is well known largely because of the high migratory aptitude 
of silyls in comparison to alkyls.43  There are relatively few reported cases of 
intramolecular –SiMe3 migration between two N atoms as N-Si bonds are usually 
strong, and these reported cases mainly involve 1,2-anionic migration.44  1,3-
Anionic silyl migration between two N atoms is rare.45  To our knowledge, no silyl 
migration between N atoms in transition-metal complexes has been reported.  
Per-amide complexes H2N-M[N(SiMe3)2]3 (M = Zr, 21a; Hf, 21b) containing –NH2 
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ligands have been prepared through ammonolysis of Cl-M[N(SiMe3)2]3 (M = Zr, 
20a; Hf, 20b, Scheme 4.1).  Upon deprotonation of H2N-M[N(SiMe3)2]3 (M = Zr, 
21a; Hf, 21b) to give Li+(THF)n{HN–-M[N(SiMe3)2]3} (M = Zr, 22a; Hf, 22b) 
containing an imide =NH ligand, 1,3-anionic silyl migration between –N(SiMe3)2 
and the imide ligand occurs to give Li+(THF)2{Me3SiN–-M[NH(SiMe3)]-
[N(SiMe3)2]2} (M = Zr, 23a; Hf, 23b) containing a new imide ligand =N(SiMe3) 
(Scheme 4.1).  Kinetics of the 22a → 23a conversion and the effect of THF on 
the rate of the reaction have been investigated.  These studies are reported here. 
 
Cl
(Me3Si)2N
(Me3Si)2N M N(SiMe3)2
Zr, 20a; Hf, 20b Zr, 21a; Hf, 21b
+ 2 NH3
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+ LiR
N
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N
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or N(SiMe3)2
Zr, 23a; Hf, 23b Zr, 22a; Hf, 22b
k
- HR
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Scheme 4.1.  Preparation of 21a-b and 23a-b (k: rate constant of the 22a → 23a 
conversion). 
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4.2. Results and Discussion 
4.2.1. Synthesis and characterization of per-amide Zr and Hf complexes 
H2N-M[N(SiMe3)2]3 (M = Zr, 21a; Hf, 21b) 
Chloride ligands in Cl-M[N(SiMe3)2]3 (M = Zr, 20a; Hf, 20b) are not usually 
attacked directly by groups larger than methyl mainly because of the bulkiness of 
–N(SiMe3)2 ligands in these complexes.46  NH3, a molecule similar to –CH3 in 
size, reacted with 20a and 20b to give NH4Cl and H2N-M[N(SiMe3)2]3 (M = Zr, 
21a; Hf, 21b), respectively, in ca. 34% yields.  By-products as white precipitates 
insoluble in most common solvents were also observed.  The –NH2 peaks in 1H 
NMR spectra of 21a-b showed a 1:1:1 triplet at 4.26 ppm with 1J(14N-H) = 45.6 
Hz for 21a and at 3.67 ppm with 1J(14N-H) = 46.0 Hz for 21b, respectively.  This 
is significantly down-field shifted from –0.52 ppm [1J(14N-H) = 64 Hz] in 
{HC[C(Me)N(Ar)]2}Al(NH2)247a and 2.07 ppm in [(tritox)Zr]6(µ6-N)(µ3-NH)6(µ2-
NH2)3.3a  It is not clear what lead(s) to the large down-field shift of –NH2 peak in 
21a.  Complexes 21a and 21b are among the few transition-metal amides with 
an –NH2 ligand.  In the IR spectra of 21a and 21b, –NH2 peaks with low 
intensities were observed at 3342 cm–1 for 21a and 3364 cm–1 for 21b, 
respectively.  In comparison, the following N-H stretching frequencies were 
reported: 3384 cm–1 in K[{(Cp*Zr)3(µ3-N)(µ3-NH)(µ3-NH2)3}4(NH2)5(NH3)7]⋅6C7H8 
(Cp* = C5Me5),42b 3396 cm–1 in {HC[C(Me)N(Ar)]2}Al(NH2)2,47a 3350, 3420 cm–1 in 
[(CH3)2AlNH2]3,47b and 3317, 3260 cm–1 in [(tBu)2AlNH2]3.47b
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4.2.2. Observation of Li(THF)n{HN-M[N(SiMe3)2]3} (M = Zr, 22a; Hf, 22b) and 
preparation of Li(THF)2{Me3SiN-M[NH(SiMe3)][N(SiMe3)2]2} (M = Zr, 23a; Hf, 
23b) 
Lithium imide complexes containing the Li+NH–-M moiety are active 
reagents for synthesis of metal complexes.16,48  Our original plan was to make 
Li+(THF)n{HN–-M[N(SiMe3)2]3} (M = Zr, 22a; Hf, 22b) from deprotonation of H2N-
M[N(SiMe3)2]3 (M = Zr, 21a; Hf, 21b) by base Li(THF)3SiButPh2 or LiN(SiMe3)2 
(Scheme 4.1), and to use 22a-b as synthetic reagents.  The deprotonation 
reactions did yield 22a and 22b. 
Complexes 22a and 22b were found unstable as solid or in solutions.  
They underwent –SiMe3 migration from –N(SiMe3)2 to imide =NH ligands to give 
Li+(THF)2{Me3SiN–-M[NH(SiMe3)][N(SiMe3)2]2} (M = Zr, 23a; Hf, 23b) (Scheme 
4.1). 
 
4.2.3. Kinetic studies of the 22a → 23a conversion 
The 22a → 23a conversion was found to follow first-order kinetics with 
respect to 22a.  The kinetic studies were conducted between 290 and 315 K in 
toluene-d8 containing THF (CTHF = 1.07 M) to give plots of ln (C0/C) (C: 
concentration of 22a generated in situ) vs time (Figure 4.1) and first-order rate 
constants k of the conversion (Table 4.1).  An Eyring plot (Figure 4.2) gives 
activation parameters of the 22a → 23a conversion: ∆H‡ = 13.3(1.3) kcal/mol and  
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Figure 4.1.  Kinetic plots of the 22a → 23a conversion. (C0 and C are the 
concentrations of 22a at t = 0 and t = t, respectively). 
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Table 4.1.  Rate constants k for the 22a → 23a conversiona
 
T (K) (k ± δk(ran)) × 105 (s−1) 
290 ± 1 2.36 ± 0.15 
295 ± 1 3.55 ± 0.17 
300 ± 1 5.1 ± 0.3 
305 ± 1 7.6 ± 0.7  
310 ± 1 11.5 ± 1.0  
315 ± 1 15.8 ± 0.4 
 
aThe largest random uncertainty is δk(ran)/k = 0.68/7.58 = 9.0%.  The total 
uncertainty of δk/k = 10.3% was calculated from δk(ran)/k = 9.0% and estimated 
systematic uncertainty δk(sys)/k = 5%.  The total uncertainty δk/k and δT = 1 K 
were used in the calculations of uncertainties in the activation enthalpy ∆H‡ and 
activation entropy ∆S‡ by the error propagation formulas derived from the Eyring 
equation by Girolami and co-workers.31
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Figure 4.2.  Eyring plot of the 22a → 23a conversion. 
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∆S‡ = –34(3) eu in THF/toluene-d8 (CTHF = 1.07 M).  The activation entropy ∆S‡ is 
large and negative, and this issue is discussed below. 
THF was found to promote this conversion.49  The kinetics of the –SiMe3 
migration in the 22a → 23a conversion was found to be affected by the 
concentration of THF in the toluene-d8 solution.  Studies were conducted at 290 
K to establish the order of rate constants k with respect to THF (Figures 4.3–4.4 
and Table 4.2.  Initial concentration of 22a at 0.115 M; CTHF = 1.81, 1.58, 1.34, 
and 1.07 M, respectively).  The plot of ln (k × 105) vs ln CTHF gave a slope of 
3.4(0.6).  The kinetic law for the 22a → 23a conversion is given in Eqs. 4.1–4.2.50 
 
][3a kRate = ;    (Eq. 4.1) 3.4(0.6)THF3.4(0.6)  a [THF] a Ck ==
THFTHF ln6.04.3lnln CCmk )(==      (Eq. 4.2) 
 
4.2.4. Mechanistic considerations of the 22a → 23a conversion 
The kinetic studies suggest that THF molecules are involved in the rate-
determining step of the reaction.  A proposed mechanistic pathway for the 
22a/22b → 23a/23b conversions is given in Scheme 4.2.45a  THF molecules 
coordinate to Li+(THF)n ions that are partially bonded to the =NH– ligand to give 
perhaps Li+(THF)4, freeing electron pairs of the =NH– ligand.  The newly 
generated imide =NH– ligand in 22a/22b then attacks intramolecularly a Si atom 
in a –SiMe3 group [of a –N(SiMe3)2 ligand] to give an intermediate containing 
five-coordinate Si atoms.  This silyl migration yields an amide –NH(SiMe3) and a  
  111 
 Time (min)
0 200 400 600 800 1000
ln
 (C
/C
0)
-1.5
-1.0
-0.5
0.0
1.07 M
1.34 M
1.58 M
1.81 M
 
 
Figure 4.3.  Kinetic plots of the 22a → 23a conversion with different CTHF. 
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Table 4.2.  Rate constants k at 290 K for the 22a → 23a conversion with different 
CTHF.a
 
CTHF (M) (k ± δk(ran)) × 105 (s−1) 
1.07 2.36 ± 0.15 
1.34 4.2 ± 0.5  
1.58 7.9 ± 0.4 
1.81 14.1 ± 0.5  
 
aThe largest random uncertainty is δk(ran)/k = 0.52/4.23 = 12.3%.  The total 
uncertainty of δk/k = 13.3% was calculated from δk(ran)/k = 12.3% and estimated 
systematic uncertainty δk(sys)/k = 5%. 
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Figure 4.4.  ln (k × 105) vs ln CTHF plot of the 22a → 23a conversion with different 
CTHF. 
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Scheme 4.2.  Proposed mechanism of the 22a/22b → 23a/23b conversions. 
 
new imide =N–-SiMe3 ligand in 23a/23b which donate a lone-pair of electrons to 
give Li+(THF)2, thus regenerating THF.  Without added THF, the THF molecules 
that were in Li(THF)3SiButPh2 were found to very slowly promote the 22a → 22a 
conversion.  The 3.4(0.6)th order of the reaction with respect to THF is also 
consistent with the large negative activation entropy [∆S‡ = –34(3) eu] of the 22a 
→ 23a conversion.  Li(THF)3SiButPh2 used in the kinetic studies already has 3 
THF per Li+ ion.  A possible multi-shell of THF molecules around Li+ cations 
could be formed at the transition state.  In other words, four THF molecules likely 
coordinate directly to each Li+ cation.  However, additional THF molecules are 
needed to form outer solvent shells around Li+(THF)4 ions.  This may explain the 
3.4(0.6)th order of the reaction with respect to THF.  A similar 7th-order reaction 
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with respect to THF was reported by Collum and co-workers in the N-alkylation of 
lithium diphenylamide by n-butyl bromide.51
 
 
4.2.5. Molecular structures of 21a, 23a, and 23b 
A molecular drawing, crystallographic data, and selected bond distances 
and angles of H2N-Zr[N(SiMe3)2]3 (21a) are given in Figure 4.5, Table 4.3, and 
Table 4.4, respectively.  Complex 21a is in the same space group (R3c) and 
crystal system (hexagonal) as its precursor Cl-Zr[N(SiMe3)2]3 (20a)52 with similar 
unit cell parameters [a = b = 18.250(8) Å, c = 17.100(12) Å for 21a and a = b = 
18.317(3) Å, c = 17.078(4) Å for 20a].  However, the Zr-NH2 bond distance of 
2.041(6) Å in 21a is significantly shorter than 2.394(2) Å for Zr-Cl in 20a.  The Zr-
N bond distances of –NH2 and –N(SiMe3)2 ligands are close: 2.041(6) Å for Zr-
NH2 and 2.097(3) Å for Zr-N(SiMe3)2.  The N-Zr-N angle between the –NH2 and  
–N(SiMe3)2 ligands of 103.96(7)° [N(1)-Zr-N(2)] is smaller than the ideal 
tetrahedral angle of 109°, perhaps as a result of steric repulsion among the three 
bulkier –N(SiMe3)2 ligands.  An unsymmetrical alignment of the –N(SiMe3)2 ligand 
with respect to the M-N bonds was observed, suggesting the presence of agostic 
Siβ-Cγ interaction in 21a.35  The Zr(1)⋅⋅⋅C(6) and Zr(1)⋅⋅⋅Si(2) distances of 3.53 and 
3.27 Å are shorter than those of Zr(1)⋅⋅⋅C(3) (3.69 Å) and Zr(1)⋅⋅⋅Si(1) (3.45 Å).  
The Si(2)-N(1)-Zr(1) bond angles of 115.62(13)° is significantly smaller than that 
of Si(1)-N(1)-Zr(1) [126.52(13)°], even though the N(1)-Si(1)-C(3) bond angle of 
111.22(15)° is similar to that of N(1)-Si(2)-C(6) [111.31(15)°].
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Figure 4.5.  Molecular drawing of 21a showing 30% probability thermal 
ellipsoids. 
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Table 4.3.  Crystal data and structure refinement for 21a 
 
Compound No. 21a 
Empirical formula (formula weight) C18H58N4Si6Zr (590.44) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Hexagonal 
Space group  R3c 
Unit cell dimensions a = 18.250(8) Å α = 90° 
 b = 18.250(8) Å β = 90° 
 c = 17.100(12) Å γ = 120° 
Volume 4932(5) Å3
Z 6 
Density (calculated) 1.193 g/cm3
Absorption coefficient 0.566 mm–1
F(000) 1908 
Crystal size 0.18 × 0.15 × 0.12 mm3
θ  range for data collection 2.23 to 28.23° 
Index ranges –24 ≤ h ≤ 24, –23 ≤ k ≤ 24, –22 ≤ l ≤ 22 
Reflections collected 16784 
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Table 4.3.  Continued 
 
Compound No. 21a 
Independent reflections 2673 [R(int) = 0.0320] 
Completeness to θ  = 28.23° 99.6%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9352 and 0.9050 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2673 / 1 / 94 
Goodness-of-fit on F2 0.964 
Final R indices [I > 2σ(I)] R1 = 0.0282, wR2 = 0.0835 
R indices (all data) R1 = 0.0314, wR2 = 0.1033 
Absolute structure parameter 0.96(6) 
Largest diff. peak and hole 0.816 and –0.391 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 4.4.  Selected bond distances (Å) and angles (°) in 21a 
 
Distances 
Zr(1)-N(1) 
Zr(1)-N(2) 
N(1)-Si(1) 
2.097(3) 
2.041(6) 
1.758(3) 
N(1)-Si(2) 
C(1)-Si(1) 
1.764(3) 
1.868(4) 
Angles 
N(1)-Zr(1)-N(2) 
N(1)-Zr(1)-N(1A) 
103.96(7) 
114.38(5) 
Si(1)-N(1)-Zr(1) 
Si(2)-N(1)-Zr(1) 
126.52(13) 
115.62(13) 
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Molecular drawings, crystallographic data, and selected bond distances 
and angles of 23a-b are given in Figures 4.6–4.7, Table 4.5, and Table 4.6, 
respectively.  Both structures of 23a and its Hf analog 23b, which are similar but 
not isomorphous, contain two independent molecules with similar structures.  
The structure of 23a is discussed below.  The crystal structure of 23a showed 
distorted tetrahedral Zr and Li metal centers.  The cycle defined by Zr(1)-N(4)-
Li(1)-N(3) is almost planar.  The Zr(1)-N(4) bond distance of 1.911(3) Å for the 
Zr-N–-SiMe3 imide ligand is shorter than those of amides [Zr(1)-N(3) of 2.142(3), 
Zr(1)-N(2) of 2.163(2), and Zr(1)-N(1) of 2.146(3) Å].  The Si(6) atom in the Zr-N–-
SiMe3 moiety is nearly in the plane defined by Zr(1)-N(4)-Li(1)-N(3) as a result of 
the N(4) partial sp2 hybridization.  The Zr(1)⋅⋅⋅C(6) and Zr(1)⋅⋅⋅Si(2) distances of 
3.35 and 3.31 Å are significantly shorter than Zr(1)⋅⋅⋅C(1) (3.85 Å) and 
Zr(1)⋅⋅⋅Si(1) (3.45 Å) distances, respectively.  The Si(2)-N(1)-Zr(1) and N(1)-Si(2)-
C(6) bond angles of 116.70(12) and 110.16(14)° are smaller than those of Si(1)-
N(1)-Zr(1) [124.37(13)°] and N(1)-Si(1)-C(1) [112.45(14)°].  These observations 
suggest agostic Siβ-Cγ interaction35 between Zr(1) and the Zr(1)-N(1)-Si(2)-C(6) 
moiety.  The Zr(1)⋅⋅⋅C(7) and Zr(1)⋅⋅⋅Si(3) distances of 3.33 and 3.33 Å are shorter 
than Zr(1)⋅⋅⋅C(12) (3.96 Å) and Zr(1)⋅⋅⋅Si(4) (3.41 Å) distances, respectively.  The 
Si(3)-N(2)-Zr(1) and N(2)-Si(3)-C(7) bond angles of 117.17(13) and 108.95(14)° 
are smaller than those of Si(4)-N(2)-Zr(1) [122.36(13)°] and N(2)-Si(4)-C(12) 
[112.29(15)°].  These observations also suggest agostic Siβ-Cγ interaction 
between Zr(1) and the Zr(1)-N(2)-Si(3)-C(7) moiety.
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Figure 4.6.  Molecular drawing of 23a showing 30% probability thermal 
ellipsoids. 
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Figure 4.7.  Molecular drawing of 23b showing 30% probability thermal 
ellipsoids. 
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Table 4.5.  Crystal data and structure refinement for 23a-b 
 
Compound Nos. 23a 23b 
Empirical formula (formula 
weight) 
C26H71LiN4O2Si6Zr  
(738.57) 
C26H71LiN4O2Si6Hf  
(825.84) 
Temperature (°C) –100(2) –100(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Triclinic Orthorhombic 
Space group P-1 P2(1)2(1)2(1) 
Unit cell dimensions   
a (Å) 11.666(5)  12.946(5) 
b (Å) 12.283(5) 19.674(7) 
c (Å) 33.923(15) 33.694(12) 
α (°) 84.513(7) 90 
β (°) 85.172(8) 90 
γ (°) 62.462(7) 90 
Volume (Å3) 4286(3) 8581(5) 
Z 4 8 
Density (calculated) (g/cm3) 1.145 1.278 
Absorption coefficient (mm–1) 0.450 2.624 
F(000) 1592 3440 
Crystal size (mm3) 0.32 × 0.30 × 0.10 0.30 × 0.28 × 0.23 
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Table 4.5.  Continued 
 
Compound Nos. 23a 23b 
θ  range for data collection  1.21 to 28.33° 1.20 to 28.34° 
Index ranges –15 ≤ h ≤ 15 
–16 ≤ k ≤ 16 
–44 ≤ l ≤ 44 
–17 ≤ h ≤ 16 
–24 ≤ k ≤ 25 
–44 ≤ l ≤ 45 
Reflections collected 46598 94047 
Independent reflections 20081 [R(int) = 0.0361] 20753 [R(int) = 0.0437] 
Completeness 93.8% 98.3% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9564 and 0.8695 0.5836 and 0.5065 
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 20081 / 0 / 763 20753 / 0 / 763 
Goodness-of-fit on F2 0.836 0.978 
Final R indices [I > 2σ(I)] R1 = 0.0424, wR2 =  
0.1169 
R1 = 0.0340, wR2 =  
0.0892 
R indices (all data) R1 = 0.0619, wR2 =  
0.1492 
R1 = 0.0452, wR2 =  
0.1115 
Largest diff. peak and hole  0.950 and –0.686 e.Å–3 0.893 and –0.818 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 4.6.  Selected bond distances (Å) and angles (°) in 23a-b 
 
Distances 
 
M(1)-N(1) 
M(1)-N(2) 
M(1)-N(3) 
M(1)-N(4) 
Li(1)-N(3) 
Li(1)-N(4) 
23a (M = Zr) 
2.146(3) 
2.163(2) 
2.142(3) 
1.911(3) 
2.201(6) 
2.122(6) 
23b (M = Hf) 
2.124(5) 
2.140(5) 
2.094(5) 
1.906(5) 
2.257(11) 
2.058(12) 
 
N(1)-Si(1) 
N(3)-Si(5) 
N(4)-Si(6) 
Li(1)-O(1) 
Li(1)-O(2) 
C(1)-Si(1) 
23a  
1.744(3) 
1.741(3) 
1.703(3) 
2.061(6) 
2.003(6) 
1.866(4) 
23b 
1.741(5) 
1.724(5) 
1.721(5) 
2.010(12) 
1.996(11) 
1.885(8) 
Angles 
 
N(1)-M(1)-N(2) 
N(1)-M(1)-N(3) 
N(2)-M(1)-N(3) 
N(1)-M(1)-N(4) 
N(2)-M(1)-N(4) 
N(3)-M(1)-N(4) 
M(1)-N(3)-Li(1) 
M(1)-N(4)-Li(1) 
23a 
120.75(9) 
108.63(9) 
109.25(10) 
109.88(10) 
109.43(10) 
96.09(11) 
83.66(17) 
91.67(19) 
23b 
118.34(18) 
108.17(19) 
108.4(2) 
111.5(2) 
111.2(2) 
97.0(2) 
82.2(3) 
92.4(3) 
 
N(4)-Li(1)-N(3) 
Si(5)-N(3)-M(1)
Si(6)-N(4)-M(1)
Si(5)-N(3)-Li(1)
Si(6)-N(4)-Li(1)
Si(3)-N(2)-M(1)
Si(4)-N(2)-M(1)
23a 
88.6(2) 
135.92(14) 
155.28(17) 
117.03(19) 
108.7(2) 
117.17(13) 
122.36(13) 
23b 
87.9(4) 
138.0(3) 
156.8(3) 
119.0(4) 
109.0(4) 
115.7(3) 
123.9(3) 
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4.3. Conclusions 
This chapter provided rare examples of metal per-amides with –NH2 
ligands from ammonolysis reactions of metal chloride.  The first example of silyl 
(–SiMe3) migration from amide –N(SiMe3)2 ligand to the imide =NH ligand within 
a metal complex is reported.  The first-order kinetics of this migration was studied 
as well.  THF in the mixed solvent was found to promote the reaction that 
removes Li+ from the imide ligand, opening it for the silyl migration. 
 
4.4. Experimental Section 
4.4.1. General procedures 
All manipulations were performed under a dry nitrogen atmosphere with 
the use of either a dry box or standard Schlenk techniques.  Solvents were 
purified by distillation from potassium/benzophenone ketyl.  Benzene-d6 and 
toluene-d8 were dried over activated molecular sieves and stored under N2.  
ZrCl4 (Strem) and HfCl4 (Strem) were freshly sublimed under vacuum.  
Li(THF)3SiButPh2 was prepared by the literature procedure.15  LiN(SiMe3)2 
(Aldrich) was used as received.  NH3 was dried through two columns of KOH 
pellets and one column of Drierite (W. A. Hammond Drierite Company, Ohio) 
before it was used.  1H and 13C{1H} NMR spectra were recorded on a Bruker 
AMX-400 spectrometer and referenced to solvent (residual protons in the 1H 
spectra).  FT-IR spectra were recorded on an MB-100 spectrometer (Bomem, 
Inc., Quebec, Canada).  Elemental analyses were performed by Complete 
Analysis Laboratories Inc., Parsippany, New Jersey. 
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For the kinetic studies of the 22a → 23a conversion and the effect of THF, 
the first-order rate constants k were obtained from at least two separate 
experiments at a given temperature and a THF concentration, and their averages 
are listed.  The estimated uncertainty in the temperature measurements for an 
NMR probe was 1 K.  The enthalpy (∆H‡), entropy (∆S‡), and the order of THF 
(m) on rate constants were calculated from an unweighted nonlinear least-
squares procedure contained in the SigmaPlot Scientific Graph System.  The 
uncertainties in ∆H‡ and ∆S‡ were computed from the error propagation formulas 
developed by Girolami and co-workers.31  The uncertainties in m was calculated 
from the following error propagation formulas (Eq. 4.3):53 
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km)(σ    (Eq. 4.3) 
∆ln CTHF =  (ln CTHFmax  –  ln CTHFmin)  
 
4.4.2. Preparation of H2N-M[N(SiMe3)2]3 (M = Zr, 21a; Hf, 21b) 
A slurry of MCl4 (3.00 g of ZrCl4, 12.9 mmol or 4.00 g of HfCl4, 12.5 mmol) 
in THF was treated with 3 equiv of LiN(SiMe3)2 (6.46 g, 38.6 mmol for ZrCl4 or 
6.27 g, 37.5 mmol for HfCl4) in THF dropwise at –50 °C.  The solution was 
warmed to room temperature and stirred overnight.  All volatiles were removed in 
vacuo, and the solid was extracted with warm hexanes (55 °C).  Excess dried 
NH3 was then bubbled through the light yellow solution for 40 min.  All volatiles 
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were then removed in vacuo, and the solid was extracted with pentane.  The 
solution was then concentrated to ca. 2.5 mL and kept in a freezer at –36 °C 
overnight to give colorless crystals of 21a (2.58 g, 4.38 mmol, 34.1%) or 21b 
(2.60 g, 3.85 mmol, 30.8%). 
For 21a: 1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 4.26 [t, 2H, NH2, 
1J(14N-H) = 45.6], 0.36 [s, 54H, N(SiMe3)2]; 13C{1H} NMR (benzene-d6, 100.6 
MHz, 23 °C) δ 6.08 [N(SiMe3)2].  FT-IR (Nujol): 3342 (m, N-H), 2950 (s), 2908 
(m), 1504 (w), 1403 (m), 1250 (s), and 897 (s) cm–1.  Anal. Calcd for 
C18H56N4Si6Zr: C, 36.74; H, 9.59.  Found: C, 36.49; H, 9.48. 
For 21b:  1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 3.67 [t, 2H, NH2, 
1J(14N-H) = 46.0 Hz], 0.36 [s, 54H, N(SiMe3)2]; 13C{1H} NMR (benzene-d6, 100.6 
MHz, 23 °C) δ 6.26 [N(SiMe3)2].  FT-IR (Nujol): 3364 (m, N-H), 2957 (s), 2898 
(m), 1509 (m), 1398 (w), 1247 (s), and 844 (s) cm–1.  Anal. Calcd for 
C18H56N4Si6Hf: C, 32.00; H, 8.35.  Found: C, 31.79; H, 8.29. 
 
4.4.3. Observation of Li(THF)n{HN-M[N(SiMe3)2]3} (M = Zr, 22a; Hf, 22b) and 
preparation of Li(THF)2{Me3SiN-M[NH(SiMe3)][N(SiMe3)2]2} (M = Zr, 23a; Hf, 
23b) 
A mixture of H2N-M[N(SiMe3)2]3 (0.535 g, 0.909 mmol for 21a or 0.610 g, 
0.903 mmol for 21b) and LiN(SiMe3)2 (0.152 g, 9.08 mmol for 21a or 0.151 g, 
9.02 mmol for 21b) was treated with THF (40 mL for 21a or 30 mL for 21b).  An 
immediate formation of unstable Li(THF)n{HN-M[N(SiMe3)2]3} (M = Zr, 22a; Hf, 
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22b) was observed, which was found to convert to 23a-b.  All volatiles were then 
removed in vacuo after the solution was stirred at room temperature overnight.  
The resulting solid was extracted by pentane, and the extract was concentrated 
and kept in a freezer at –36 °C overnight to give colorless crystals of 23a (0.372 
g, 0.504 mmol, 55.4%) or 23b (0.346 g, 0.419 mmol, 46.4%).  Reactions of H2N-
M[N(SiMe3)2]3 (M = Zr, 21a; Hf, 21b) and Li(THF)3SiButPh2 similarly yielded 
23a/23b.  The reaction of 21a with Li(THF)3SiButPh2 was used in the kinetic 
studies to be discussed below. 
For 22a: 1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 3.52, 1.35 (m, THF), 
0.55 [s, N(SiMe3)2]; 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 68.1, 25.6 
(THF), 6.81 [N(SiMe3)2]. 
For 22b: 1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 3.44, 1.34 (m, THF), 
0.57 [s, N(SiMe3)2]; 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 68.2, 25.5 
(THF), 6.97 [N(SiMe3)2]. 
For 23a: 1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 3.53 (m, 8H, THF), 
1.36 (m, 8H, THF), 0.49 [s, 36H, N(SiMe3)2], 0.31 (s, 9H, NSiMe3), 0.24 (s, 9H, 
NSiMe3); 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 68.0, 25.6 (THF), 5.88 
[N(SiMe3)2], 5.43 (NSiMe3), 4.00 (NSiMe3).  FT-IR (Nujol): 2957 (s), 2898 (m), 
1247 (s), and 1030 (s) cm–1.  Anal. Calcd for C26H71N4Si6O2LiZr: C, 42.28; H, 
9.69.  Found: C, 41.98; H, 9.65. 
For 23b: 1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 3.48 (m, 8H, THF), 
1.30 (m, 8H, THF), 0.50 [s, 36H, N(SiMe3)2], 0.32 (s, 9H, NSiMe3), 0.23 (s, 9H, 
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NSiMe3); 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 68.3, 25.4 (THF), 6.18 
(NSiMe3), 6.07 [N(SiMe3)2], 3.99 (NSiMe3).  FT-IR (Nujol): 3422 (w), 2953 (s), 
2898 (m), 1252 (s), and 1068 (s) cm–1.  Anal. Calcd for C26H71N4Si6O2LiHf: C, 
37.81; H, 8.67.  Found: C, 37.68; H, 8.44. 
 
4.4.4. Kinetics studies of the conversion of Li(THF)n{HN-M[N(SiMe3)2]3} 
(22a) to Li(THF)2{Me3SiN-M[NH(SiMe3)][N(SiMe3)2]2} (23a) 
Complex 22a was prepared in situ by mixing H2N-Zr[N(SiMe3)2]3 (21a) and 
Li(THF)3SiButPh2 in a ratio of 1.20:1.  Since the reaction requires THF,49 THF 
(0.600 g) was added to toluene-d8 (10.0 g) as a mixed solvent used in the 
kinetics.  In a typical kinetic study, 21a (46.9 mg, 20% excess) and 
Li(THF)3SiButPh2 (25.4 mg) were mixed with 4,4’-dimethyl biphenyl as an internal 
standard in a J. Young NMR tube, and the THF/toluene-d8 mixed solvent was 
added to give a final volume of 0.567 mL and the THF concentration (CTHF) of 
1.07 M.  The mixture was frozen at –50 °C as soon as the solvents were added.  
The NMR spectrometer was pre-set to the temperature, and the NMR tube was 
briefly thawed shortly before the NMR tube was inserted to the spectrometer.  1H 
spectra were recorded directly on the NMR spectrometer.  Rate constants 
derived from fitting of the data by first-order kinetics are given in Table 4.1. 
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4.4.5. Studies of the effect of THF on the rate of the 22a → 23a conversion 
Three mixtures of toluene-d8 (5.00 g) and THF (0.600, 0.500, and 0.400 g, 
respectively) were used as solvents for the reactions.  In a typical study of the 
THF effect, H2N-Zr[N(SiMe3)2]3 (21a, 49.2 mg, 20% excess) and 
Li(THF)3SiButPh2 (26.6 mg) were mixed with 4,4’-dimethyl biphenyl as an internal 
standard in a J. Young NMR tube, and the THF/toluene-d8 mixed solvent was 
added to give a final volume of 0.523 mL.  The THF concentrations (CTHF) of the 
samples were calculated from THF in the original THF/toluene-d8 mixed solvent 
and THF in Li(THF)3SiButPh2.  CTHF were 1.81, 1.58, and 1.34 M, respectively.  
The mixture was frozen at –50 °C as soon as THF/toluene-d8 was added.  The 
NMR spectrometer was pre-set to 290 K, and the NMR tube was briefly thawed 
shortly before the NMR tube was inserted to the spectrometer.  1H spectra were 
recorded directly on the NMR spectrometer.  Rate constants derived from fitting 
of the data by first-order kinetics {rate = k[22a], (k = a CTHFm)} are given in Table 
4.2. 
Results from a prior study at 290 K (Table 4.1) involving 10.00 g of 
toluene-d8 and 0.600 g of THF were used for the current study.  The THF 
concentration of this sample was 1.07 M. 
 
4.4.6. Determination of X-ray crystal structures of 21a, 23a, and 23b 
The data for the crystal structures of these complexes were collected on a 
Bruker AXS Smart 1000 X-ray diffractometer (Mo radiation) equipped with a CCD 
area detector, and fitted with an upgraded Nicolet LT-2 low temperature device.  
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Suitable crystals were coated with paratone oil (Exxon) and mounted on a 
hairloop under a stream of nitrogen gas at –100(2) °C.  All the structures were 
solved by direct methods.  In all cases the non-hydrogen atoms were refined with 
anisotropic displacement coefficients.  All hydrogen atoms were included in the 
structure factor calculation at idealized positions and were allowed to ride on the 
neighboring atoms with relative isotropic displacement coefficients.  Empirical 
absorption correction was performed with SADABS.20a  All calculations were 
performed using SHELXTL (version 5.1) proprietary software package.20b 
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CHAPTER 5 
Synthesis and Characterization of d0 Group 4 Amide Chloride 
and Amide Imide Complexes 
 
5.1. Introduction 
Early-transition-metal amide chloride and amide imide complexes have 
been actively studied in recent years.14,16,54  Group 4 metal amide chlorides 
containing chloride ligands are versatile starting materials for inorganic and 
organometallic compounds, as substitution of the chloride ligands affords other 
derivatives.  Group 4 amide chlorides, including dimethyl and 
bis(trimethylsilyl)amide complexes, are precursors in chemical vapor deposition 
(CVD) of metal nitride thin films through, e.g., ammonolysis reactions.8c,25g,41b,55  
Amide imide complexes have also been used in CVD of metal oxide thin films 
through the reactions of these complexes with O2.55  Dimethylamide (–NMe2) and 
bis(trimethylsilyl)amide [–N(SiMe3)2] are two common amide ligands with different 
properties.  The latter is bulkier and a weaker p-d π donor of its lone-pair 
electrons on the N atom.  Ammonolysis of bis(trimethylsilyl)amide complexes to 
give metal nitrides has shown better results than complexes containing only 
dimethylamide ligands.8c  Bis(trimethylsilyl)amide ligands have also been used as 
substitutes for dimethylamide ligands in catalytic reactions to modify the reaction 
conditions.24  Reported Group 4 amide chloride complexes are usually 
dimethylamide complexes, and these include (MeN2)3TiCl54a and 
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(Me2N)2ZrCl2(THF)254b by Stephan, Kempe, and their co-workers, and 
(Me2N)3Zr(µ-Cl)2(µ-NMe2)Zr(NMe2)2(THF), Cl(Me2N)2Zr(µ-Cl)2(µ-
NMe2)Zr(NMe2)2(THF), and (Me2N)(THF)ZrCl2(µ-Cl)2Li(THF)2 we reported 
earlier.36  There are few amide chloride complexes containing –N(SiMe3)2 
ligands.  To our knowledge, only [(Me3Si)2N]2TiCl2 (31),56 (Me2N)2Zr[N(SiMe3)2]Cl 
(24a),5f and (Me2N)M-[N(SiMe3)2]2Cl (M = Zr, Hf, 16a-b, Chapter 3)5o are known 
in the literature.  There are also few Cp-free amide imide complexes.57  In the 
current work, several new amide chloride complexes containing –N(SiMe3)2 
ligands, {Hf[N(SiMe3)2](NMe2)2Cl}2 (24b), [(Me3Si)2N]2MCl2-Li(THF)3Cl (M = Zr, 
Hf, 26a-b), and [(Me3Si)2N]2MCl2(THF) (M = Zr, Hf, 27a-b) have been prepared 
(Schemes 5.1 and 5.3), and many are structurally characterized.  New amide 
imide {[(Me3Si)2N]Ti(=NSiMe3)(NMe2)}2 (30) has also been prepared and 
characterized.57  In addition, the kinetics of the decomposition of 
(Me2N)2Zr[N(SiMe3)2](SiButPh2) (28a), which was reported earlier,5f has been 
studied (Scheme 5.2).  X-ray structures of several known complexes 
[(Me3Si)2N]2TiCl2 (31),56 [(Me3Si)2N]ZrCl3(THF)2 (32),63 and [Hf(NMe2)4]2 (5)64 
have also been characterized in the current work.  These studies are reported 
here. 
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Scheme 5.1.  Preparation of 24b, 26a-b, and 27a-b. 
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Scheme 5.2.  Kinetic studies of the decomposition of 28a. 
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Scheme 5.3.  Preparation of 29 and 30. 
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5.2. Results and Discussion 
5.2.1. Preparation of {Hf[N(SiMe3)2](NMe2)2Cl}2 (24b) and X-ray crystal 
structures of 24a-b  
Among the possible Zr/Hf triamide chloride complexes containing –NMe2 
and/or –N(SiMe3)2 ligands: [(Me2N)3MCl]2 (M = Zr, 25a; Hf; 25b), [(Me3Si)2N]3MCl 
(20a-b), (Me2N)M[N(SiMe3)2]2Cl (16a-b), and {M[N(SiMe3)2](NMe2)2Cl}2 (24a-b), 
24a,5f 16a-b5n (Chapter 3), 20a-b,52 and 25a-b58 have been reported.  Only 24b 
has not been reported.  24b is prepared in the current work from the reactions of 
MCl4 with 2 equiv of LiNMe2 and then 1 equiv of LiN(SiMe3)2 (Scheme 5.1).  The 
X-ray crystal structures of both 24a and 24b are reported here. 
[(Me3Si)2N]3MCl (20a-b) and (Me2N)M[N(SiMe3)2]2Cl (16a-b) are 
monomers, while [(Me2N)3ZrCl]2 (25a) was observed as dimer (Me2N)3ClZr(µ-
NMe2)2Zr(NMe2)2Cl with two bridging –NMe2 ligands.58  {M[N(SiMe3)2](NMe2)2Cl}2 
(24a-b) reported here are dimers as well.  (µ-Cl)2M2[N(SiMe3)2]2(NMe2)4 (24a-b) 
uses chlorides as bridging ligands, as their crystal structures to be discussed 
below reveal.  The chlorides instead of –NMe2 are bridging ligands in 24a-b.  An 
interesting observation is that 24a-b are solvent free, although THF is used in the 
preparation and is often a ligand in amide chloride complexes. 
Molecular drawings, crystallographic data, and selected bond distances 
and angles of 24a-b are given in Figures 5.1–5.2, Table 5.1, and Table 5.2, 
respectively.  Both Zr atoms adopt distorted trigonal bipyramidal structures with 
N(1) and Cl(1A) as the axial ligands [N(1)-Zr(1)-Cl(1A) 161.24(4)°].  The Zr-NMe2  
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Figure 5.1.  Molecular drawing of 24a showing 30% probability thermal 
ellipsoids.  Key bond distances (Å) and angles (°): Zr(1)-N(1) 2.0301(13), Zr(1)-
N(3) 2.0757, Zr(1)-Cl(1) 2.6218(7), Zr(1)-Cl(1A) 2.7223(7), N(1)-Zr(1)-Cl(1A) 
161.24(4), N(1)-Zr(1)-N(2) 98.23(6), N(2)-Zr(1)-Cl(1) 106.21(10). 
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Figure 5.2.  Molecular drawing of 24b showing 30% probability thermal 
ellipsoids.  Key bond distances (Å) and angles (°): Hf(1)-N(1) 2.036(3), Hf(1)-N(3) 
2.062(3), Hf(1)-Cl(1) 2.5969(16), Hf(1)-Cl(1A) 2.7036(18), N(1)-Hf(1)-Cl(1A) 
161.04(4), N(1)-Hf(1)-N(2) 98.66(14), N(2)-Hf(1)-Cl(1) 105.88(4). 
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Table 5.1.  Crystal data and structure refinement for 24a-b 
 
Compound Nos. 24a 24b 
Empirical formula (formula  
weight) 
C20H60Cl2N6Si4Zr2  
(750.42) 
C20H60Cl2N6Si4Hf2  
(924.98) 
Temperature (°C) –100(2) –100(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Monoclinic Monoclinic 
Space group C2/c C2/c 
Unit cell dimensions   
a (Å) 24.927(7) 24.897(19) 
b (Å) 10.387(3) 10.341(8) 
c (Å) 15.126(4) 15.201(12) 
α (°) 90 90 
β (°) 104.245(5) 104.090(12) 
γ (°) 90 90 
Volume (Å3) 3796.1(19) 3796(5) 
Z 4 4 
Density (calculated) (g/cm3) 1.313 1.619 
Absorption coefficient (mm–1) 0.835 5.752 
F(000) 1568 1824 
Crystal size (mm3) 0.55 × 0.50 × 0.10 0.45 × 0.25 × 0.20 
  140 
Table 5.1.  Continued 
 
Compound Nos. 24a 24b 
θ  range for data collection  1.69 to 28.38° 2.14 to 28.35° 
Index ranges –32 ≤ h ≤ 33 
–13 ≤ k ≤ 13 
–20 ≤ l ≤ 20 
–32 ≤ h ≤ 33 
–13 ≤ k ≤ 13 
–20 ≤ l ≤ 19 
Reflections collected 19651 17640 
Independent reflections 4593 [R(int) = 0.0224] 4474 [R(int) = 0.0356] 
Completeness 96.6% 94.4% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.0439 and 0.0110 0.3925 and 0.1817 
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 4593 / 0 / 164 4474 / 0 / 164 
Goodness-of-fit on F2 0.559 0.811 
Final R indices [I > 2σ(I)] R1 = 0.0191, wR2 =  
0.0549 
R1 = 0.0231, wR2 =  
0.0670 
R indices (all data) R1 = 0.0225, wR2 =  
0.0625 
R1 = 0.0269, wR2 =  
0.0705 
Largest diff. peak and hole  0.352 and –0.282 e.Å–3 0.768 and –1.407 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 5.2.  Selected bond distances (Å) and angles (°) in 24a-b 
 
Distances 
 
M(1)-Cl(1) 
M(1)-Cl(1A) 
M(1)-N(1) 
M(1)-N(2) 
M(1)-N(3) 
24a (M = Zr) 
2.6218(7) 
2.7223(7) 
2.0301(13) 
2.0356(14) 
2.0757(11) 
24b (M = Hf) 
2.5969(16) 
2.7036(18) 
2.036(3) 
2.019(3) 
2.062(3) 
 
M(1A)-Cl(1) 
C(1)-N(1) 
N(3)-Si(1) 
N(3)-Si(2) 
C(5)-Si(1) 
24a  
2.7223(7) 
1.459(2) 
1.7402(12) 
1.7389(13) 
1.865(2) 
24b 
2.7036(18) 
1.461(5) 
1.867(5) 
1.732(3) 
1.745(3) 
Angles 
 
Cl(1)-M(1)-Cl(1A) 
N(1)-M(1)-N(2) 
N(1)-M(1)-N(3) 
N(2)-M(1)-N(3) 
N(1)-M(1)-Cl(1A) 
N(3)-M(1)-Cl(1A) 
24a 
74.65(3) 
98.23(6) 
98.92(5) 
107.84(5)
161.24(4)
87.73(4) 
24b 
74.58(7) 
98.66(14) 
99.11(13) 
107.80(13) 
161.04(10) 
87.88(9) 
 
N(1)-M(1)-Cl(1) 
N(2)-M(1)-Cl(1) 
N(3)-M(1)-Cl(1) 
N(2)-M(1)-Cl(1A)
Cl(1)-M(1)-Cl(1A)
M(1)-Cl(1)-M(1A)
24a 
90.00(5) 
105.88(4) 
143.36(3) 
96.35(4) 
74.65(3) 
105.35(3) 
24b 
89.66(12) 
106.21(10)
143.03(8) 
95.88(11) 
74.58(7) 
105.42(6) 
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(equatorial) bond length of 2.0356(14) Å is close to that [2.0301(13) Å] of the Zr- 
NMe2 (axial) bond.  Although the –N(SiMe3)2 ligand is much bulkier than the  
–NMe2 ligands, the Zr-N(SiMe3)2 bond [2.0757(11) Å] is only slightly longer than 
the Zr-NMe2 bonds (av. 2.0328 Å), perhaps as a result of p-d π bonding by  
–N(SiMe3)2 ligand to Zr.  The Zr-Cl-Zr bond angle of 105.35(3)° is wider than 
those in most complexes containing bridging chlorides,59 though linear polymeric 
-Zr-Cl-Zr-Cl- has been reported.60  Evidence of agostic Siα-Cβ interactions in the 
Zr-N(SiMe3)2 moieties was also found in the crystal structure.  The Zr(1)⋅⋅⋅C(10) 
and Zr(1)⋅⋅⋅Si(2) distances of 3.08 and 3.16 Å are shorter than those of 
Zr(1)⋅⋅⋅C(5) (3.93 Å) and Zr(1)⋅⋅⋅Si(1) (3.39 Å).  The Si(2)-N(3)-Zr(1) and N(3)-
Si(2)-C(10) bond angles of 111.75(6) and 106.84(9)° are both smaller than those 
of Si(1)-N(3)-Zr(1) [125.27(7)°] and N(3)-Si(1)-C(5) [111.11(8)°], respectively.  
Complex 24b is isomorphous to its Zr analog as in many other Zr and Hf 
complexes.51,58
 
5.2.2. Synthesis and characterization of [(Me3Si)2N]2MCl2-Li(THF)3Cl (M = Zr, 
26a; Hf, 26b) and [(Me3Si)2N]2MCl2(THF) (M = Zr, 27a; Hf, 27b) 
Bis(amide) complexes (Me2N)2ZrCl2(THF)2 were reported earlier by 
Kempe and co-workers and our group.36,54b  Bis(amide) dichloride LiCl adducts 
[(Me3Si)2N]2MCl2-Li(THF)3Cl (M = Zr, 26a; Hf, 26b) were prepared from the 
reactions of MCl4 with 2 equiv of LiN(SiMe3)2 (Scheme 5.1).  A similar procedure 
has been used in the preparation of [(Me3Si)2N]2TiCl2.56b  In the LiCl adducts 
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26a-b, the coordination of the additional chloride ion alleviates the electron 
deficiency in the Zr atom.  [(Me3Si)2N]2ZrCl(µ-Cl)2Li(THF)2, an analog of 26a with 
two THF coordinated Li+, was obtained if 26a was pumped for ca. 4 h.  This 
analog of 26a with fewer THF ligands has a different structure than that of 26a.  
Bis(amide) dichloride complexes [(Me3Si)2N]2MCl2(THF) (M = Zr, 27a; Hf, 27b) 
free of lithium cations can be obtained by refluxing the solid product of the 
reaction between MCl4 and 2 equiv of LiN(SiMe3)2 in toluene to help the 
precipitation of LiCl (Scheme 5.1). 
Our attempts here to make mixed two amide substituted complexes 
“(Me2N)M[N(SiMe3)2]Cl2” were not successful.  No solid can be extracted by 
solvents from the reaction of ZrCl4 with 1 equiv of LiNMe2 and 1 equiv of 
LiN(SiMe3)2. 
A molecular drawing, crystallographic data, and selected bond distances 
and angles of 26a are given in Figure 5.3, Table 5.3, and Table 5.4, respectively.  
The structure of 26a adopts a slightly distorted trigonal bipyramidal configuration 
with Cl(1)-Zr-Cl(3) angle of 170.60(5)°.  The Zr(1)-Cl(3)axial bond length of 
2.4581(14) Å is only slightly longer than that [2.4449(14) Å] of the Zr(1)-
Cl(2)equatorial bond.  The Zr(1)-Cl(1) bond length of 2.5444(14) Å for Cl(1) that 
bridges the Zr and Li ions is much longer than those of the terminal Zr(1)-Cl(2) 
and Zr(1)-Cl(3) bonds.  Bond angles are consistent with a distorted trigonal 
bipyramidal configuration.  In addition to the Cl(1)-Zr-Cl(3) angle of 170.60(5)°, 
axial ligands in 26a are almost perpendicular to the equatorial ligands with angles 
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Figure 5.3.  Molecular drawing of 26a showing 30% probability thermal 
ellipsoids.  Key bond distances (Å) and angles (°): Zr(1)-N(1) 2.055(3), Zr(1)-
Cl(1) 2.5444(14), Zr(1)-Cl(2) 2.4449(14), Cl(1)-Zr(1)-Cl(3) 170.60(5), Cl(1)-Zr(1)-
N(1) 91.78(10), N(1)-Zr(1)-Cl(2) 120.25(10). 
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Table 5.3.  Crystal data and structure refinement for 26a 
 
Compound No. 26a 
Empirical formula (formula weight) C24H60Cl3N2O3Si4ZrLi (582.52)  
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 13.333(4) Å α = 90° 
 b = 31.207(9) Å β = 90.708(5)° 
 c = 18.995(5) Å γ = 90° 
Volume 7903(4) Å3
Z 8 
Density (calculated) 1.247 g/cm3
Absorption coefficient 0.627 mm–1
F(000) 3136 
Crystal size 0.27 × 0.23 × 0.17 mm3
θ  range for data collection 1.26 to 28.45° 
Index ranges –17 ≤ h ≤ 17, –41≤ k ≤ 41, –25 ≤ l ≤ 25 
Reflections collected 86050 
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Table 5.3.  Continued 
 
Compound No. 26a 
Independent reflections 19320 [R(int) = 0.0976] 
Completeness to θ  = 28.45° 96.9% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9009 and 0.8489 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 19320 / 0 / 709 
Goodness-of-fit on F2 0.980 
Final R indices [I > 2σ(I)] R1 = 0.0477, wR2 = 0.1029 
R indices (all data) R1 = 0.1533, wR2 = 0.1437 
Largest diff. peak and hole 0.609 and –0.532 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 5.4.  Selected bond distances (Å) and angles (°) in 26a 
 
Distances 
Zr(1)-N(1) 
Zr(1)-N(2) 
Zr(1)-Cl(1) 
Zr(1)-Cl(2) 
Zr(1)-Cl(3) 
2.055(3)  
2.062(3) 
2.5444(14) 
2.4449(14) 
2.4581(14) 
N(1)-Si(1)  
N(1)-Si(2) 
C(1)-Si(1) 
Li(1)-Cl(1) 
Li(1)-O(1) 
1.761(3) 
1.756(4) 
1.871(6) 
2.375(8) 
1.923(9) 
Angles 
Cl(1)-Zr(1)-Cl(2)  
Cl(1)-Zr(1)-Cl(3) 
Cl(2)-Zr(1)-Cl(3) 
Cl(1)-Zr(1)-N(1) 
N(1)-Zr(1)-Cl(2) 
84.70(4)  
170.60(5) 
85.94(5) 
91.78(10) 
120.25(10) 
N(1)-Zr(1)-Cl(3)  
N(1)-Zr(1)-N(2) 
N(2)-Zr(1)-Cl(1) 
N(2)-Zr(1)-Cl(2) 
N(2)-Zr(1)-Cl(3) 
92.27(11)  
120.15(14) 
90.27(10) 
119.49(10) 
95.02(10) 
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of 84.70(4)–95.02(10)°, and angles among the three equatorial ligands are close 
to 120° [119.49(10)–120.25(10)°].  No significant agostic Siβ-Cγ interaction 
between Zr(1) and the –N(SiMe3)2 ligands was observed.  The Zr(1)⋅⋅⋅C(5) and 
Zr(1)⋅⋅⋅Si(2) distances of 3.62 and 3.32 Å are close to the Zr(1)⋅⋅⋅C(3) (3.65 Å) 
and Zr(1)⋅⋅⋅Si(1) (3.34 Å) distances, respectively, and the Si(2)-N(1)-Zr(1) and 
N(1)-Si(2)-C(5) bond angles of 121.08(17) and 113.2(2)° are also close to those 
of Si(1)-N(1)-Zr(1) [121.83(18)°] and N(1)-Si(1)-C(3) [113.25(19)°], suggesting no 
significant agostic Siβ-Cγ interaction between Zr(1) and the Zr(1)-N(1)-Si(1)-C(3) 
and Zr(1)-N(1)-Si(2)-C(5) moieties.  Similarly, the Zr(1)⋅⋅⋅C(12) and Zr(1)⋅⋅⋅Si(4) 
distances of 3.65 and 3.35 Å are also close to the Zr(1)⋅⋅⋅C(7) (3.62 Å) and 
Zr(1)⋅⋅⋅Si(3) (3.32 Å) distances, respectively, suggesting no agostic Siβ-Cγ 
interaction in the Zr(1)-N(2)-Si(3)-C(7) and Zr(1)-N(2)-Si(4)-C(12) moieties. 
Molecular drawings, crystallographic data, and selected bond distances 
and angles of 27a-b are given in Figures 5.4–5.5, Tables 5.5, and Tables 5.6, 
respectively.  The structure of 27a adopts a distorted trigonal bipyramidal 
configuration with two chlorides in the axial positions [Cl(3)-Zr(2)-Cl(4) angle of 
159.33(4)°].  The bond angles among the equatorial ligands are 113.46(12)–
127.32(11)°, and the axial-equatorial angles are 79.85(8)–100.44(10)°.  The 
Zr(1)⋅⋅⋅C(6) and Zr(1)⋅⋅⋅Si(2) distances of 3.52 and 3.30 Å are only slightly shorter 
than other Zr(1)⋅⋅⋅C(1) (3.64 Å) and Zr(1)⋅⋅⋅Si(1) (3.35 Å) distances, respectively.  
As in 26a, there is no sign of agostic Siβ-Cγ interaction with Zr in 27a.  The Si(2)-
N(1)-Zr(1) and N(1)-Si(2)-C(6) bond angles of 119.45(17) and 110.07(18)° are 
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Figure 5.4.  Molecular drawing of 27a showing 30% probability thermal 
ellipsoids.  Key bond distances (Å) and angles (°): Zr(1)-N(1) 2.040(3), Zr(1)-
Cl(1) 2.4833(13), Zr(1)-O(1) 2.279(3), Cl(1)-Zr(1)-Cl(2) 159.33(4), Cl(1)-Zr(1)-
N(2) 90.95(10), N(1)-Zr(1)-O(1) 119.22(11). 
 
  150 
  
 
Figure 5.5.  Molecular drawing of 27b showing 30% probability thermal 
ellipsoids.  Key bond distances (Å) and angles (°): Hf(1)-N(1) 2.043(5), Hf(1)-
Cl(1) 2.4385(17), Hf(1)-O(1) 2.257(4), Cl(1)-Hf(1)-Cl(2) 159.57(6), Cl(1)-Hf(1)-
N(2) 95.03(16), N(1)-Hf(1)-O(1) 128.09(18). 
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Table 5.5.  Crystal data and structure refinement for 27a-b 
 
Compound Nos. 27a 27b 
Empirical formula (formula  
weight) 
C16H44Cl2N2OSi4Zr 
(555.01) 
C16H44Cl2N2OSi4Hf  
(642.28) 
Temperature (°C) –100(2) –100(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Monoclinic Monoclinic 
Space group P2(1)/c P2(1)/c 
Unit cell dimensions   
a (Å) 15.943(6) 15.925(6) 
b (Å) 25.876(10) 25.866(9) 
c (Å) 13.860(5) 13.838(5) 
α (°) 90 90 
β (°) 93.420(7) 93.397(6) 
γ (°) 90 90 
Volume (Å3) 5708(4) 5690(3) 
Z 8 8 
Density (calculated) (g/cm3) 1.292 1.499 
Absorption coefficient (mm–1) 0.750 4.032 
F(000) 2336 2592 
Crystal size (mm3) 0.30 × 0.18 × 0.15 0.23 × 0.16 × 0.14 
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Table 5.5.  Continued 
 
Compound Nos. 27a 27b 
θ  range for data collection  1.28 to 28.34° 1.28 to 28.31° 
Index ranges –21 ≤ h ≤ 20 
–34 ≤ k ≤ 34 
–18 ≤ l ≤ 18 
–21 ≤ h ≤ 21 
–33 ≤ k ≤ 32 
–18 ≤ l ≤ 18 
Reflections collected 37916 34630 
Independent reflections 10190 [R(int) = 0.0465] 8664 [R(int) = 0.0380] 
Completeness 71.5% 61.2% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8958 and 0.8063 0.6022 and 0.4574 
Refinement method Full-matrix least-squares on F2
Data/restraints/parameters 10190 / 0 / 493 8664 / 0 / 493 
Goodness-of-fit on F2 0.847 0.945 
Final R indices [I > 2σ(I)] R1 = 0.0378, wR2 =  
0.1047 
R1 = 0.0287, wR2 =  
0.0820 
R indices (all data) R1 = 0.0602, wR2 =  
0.1428 
R1 = 0.0405, wR2 =  
0.1154 
Largest diff. peak and hole  0.656 and –0.419 e.Å–3 0.767 and –0.970 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 5.6.  Selected bond distances (Å) and angles (°) in 27a-b 
 
Distances 
 
M(1)-N(1) 
M(1)-N(2) 
M(1)-Cl(1) 
M(1)-Cl(2) 
27a (M = Zr) 
2.040(3) 
2.056(3) 
2.4833(13) 
2.4610(13) 
27b (M = Hf) 
2.043(5) 
2.033(5) 
2.4385(17) 
2.4494(17) 
 
M(1)-O(1) 
N(1)-Si(1) 
N(1)-Si(2) 
C(1)-Si(1) 
27a  
2.279(3) 
1.759(3) 
1.778(4) 
1.858(5) 
27b 
2.257(4) 
1.754(5) 
1.762(5) 
1.835(9) 
Angles 
 
Cl(1)-M(1)-Cl(2) 
N(1)-M(1)-N(2) 
N(1)-M(1)-O(1)
N(1)-M(1)-Cl(1) 
N(1)-M(1)-Cl(2) 
27a 
159.33(4) 
113.46(12) 
119.22(11) 
100.44(10) 
94.58(10) 
27b 
159.57(6) 
113.6(2) 
128.09(18) 
95.92(15) 
90.95(15) 
 
N(2)-M(1)-Cl(1)
N(2)-M(1)-Cl(2)
N(2)-M(1)-O(1)
O(1)-M(1)-Cl(1)
O(1)-M(1)-Cl(2)
27a 
90.95(10) 
96.04(10) 
127.32(11) 
80.45(8) 
79.85(8) 
27b 
95.03(16) 
99.82(16) 
118.34(19)
79.90(12) 
80.72(12) 
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only slightly smaller than those of Si(1)-N(1)-Zr(1) [123.29(18)°] and N(1)-Si(1)-
C(1) [112.44(18)°].  The Zr(1)⋅⋅⋅C(12) and Zr(1)⋅⋅⋅Si(4) distances of 3.53 Å and 
3.29 Å are also only slightly shorter than the Zr(1)⋅⋅⋅C(8) (3.66 Å) and Zr(1)⋅⋅⋅Si(3) 
(3.34 Å) distances, respectively.  As in 24a-b, [(Me3Si)2N]2HfCl2(THF) (27b) is 
also isomorphous to its Zr analog 27a. 
 
5.2.3. Kinetic studies of the decomposition of Zr silyl complex (Me2N)2Zr-
[N(SiMe3)2](SiButPh2) (28a) 
Silyl amide complex 28a was reported earlier and was prepared from the 
reaction of {Zr[N(SiMe3)2](NMe2)2Cl}2 (24a) with LiSiButPh2.5f  This amide silyl 
complex is not thermally stable and decomposes at room temperature to 
unknown compounds (Scheme 5.2).  The decomposition is believed to involve  
γ-H abstraction as in the decomposition of (Me2N)3Ta[N(SiMe3)2](SiButPh2) (14) 
and (Me2N)M[N(SiMe3)2]2(SiButPh2) (M = Zr, Hf, 17a-b) that we recently reported 
(Chapter 3).5o  The decomposition of the Zr silyl amide 28a was found to be a 
first-order kinetic process, and the decomposition was studied at 288–313 K.  
The kinetic plots and the Eyring plot are given in Figures 5.6–5.7, respectively.  
The rate constants of the decomposition are given in Table 5.7.  The Eyring plot 
gives activation parameters for the decomposition: ∆H‡ = 22(2) kcal/mol and ∆S‡ 
= –1(7) eu.  Both kinetic parameters are close to those in the decomposition of 
14. 
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Figure 5.6.  Kinetic plots of the decomposition of 28a. 
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Table 5.7.  Rate constants k for the decomposition of 28aa
 
T(K) (k ± δk(ran)) × 105 (s–1) 
288 ± 1 2.80 ± 0.03 
293 ± 1 7.0 ± 0.2 
298 ± 1 11.30 ± 0.11 
303 ± 1 23.10 ± 3 
308 ± 1 43.6 ± 1.2 
313 ± 1 75 ± 3 
 
aThe total uncertainty δk/k = 14.5% of was calculated from δk(ran)/k = 13.6% and 
δk(sys)/k = 5%.  The total uncertainty δk/k and δT = 1 K were used in the 
calculations of uncertainties in the activation enthalpy ∆H‡ and activation entropy 
∆S‡ by the error propagation formulas derived from the Eyring equation by 
Girolami and co-workers.31
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Figure 5.7.  Eyring plot of the decomposition of 28a. 
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5.2.4. Synthesis and characterization of amide imide {[(Me3Si)2N]Ti-
(=NSiMe3)(NMe2)}2 (30) 
Amide imide chloride {[(Me3Si)2N]Ti(=NSiMe3)Cl}2 (29) was first reported 
in 1993 and was prepared in 17% yield by Ovchinnikov and co-workers.61  In the 
current work, it was prepared in 67.9% yield from TiCl4 and 2 equiv of 
LiN(SiMe3)2 (Scheme 5.3, p 137).  [(Me3Si)2N]2TiCl2 (31)56 was a by-product in 
the reaction.  In the current work, 29 was used to react with LiNMe2 to give 
unstable amide imide {[(Me3Si)2N]Ti(=NSiMe3)(NMe2)}2 (30).  Unlike the Ta imide 
complexes Ta2(µ-Cl)2Ta(Cl)2(=NSiMe3)2[N(SiMe3)]2 with bridging chlorides,62 
both Ti imide complexes 29 and 30 use imide =NSiMe3 as bridging ligands. 
Complex 30 is not thermally stable, and its decomposition at room 
temperature was observed.  A molecular drawing, crystallographic data, and 
selected bond distances and angles of 30 are given in Figure 5.8, Table 5.8, and 
Table 5.9, respectively.  The Ti(1), N(1), Ti(1A), and N(1A) atoms almost make a 
rectangle with two angles of 85.75(8) and 94.26(8)°.  The Ti(1)⋅⋅⋅C(6) and 
Ti(1)⋅⋅⋅Si(3) distances of 3.37 and 3.19 Å are significantly shorter than other 
Ti(1)⋅⋅⋅C(11) (3.76 Å) and Ti(1)⋅⋅⋅Si(2) (3.35 Å) distances, respectively.  The Si(3)-
N(3)-Ti(1) and N(3)-Si(3)-C(6) bond angles of 116.74(11) and 111.38(12)° are 
also significantly smaller than those of Si(2)-N(3)-Ti(1) [127.06(11)°] and N(3)-
Si(2)-C(11) [113.39(12)°].  These observations suggest agostic Siβ-Cγ interaction 
in the complex.  It is quite different from that observed in [(Me3Si)2N]2TiCl2, where 
no obvious agostic Siβ-Cγ interaction was observed. 
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Figure 5.8.  Molecular drawing of 30 showing 30% probability thermal ellipsoids.  
Key bond distances (Å) and angles (°): Ti(1)-N(1) 1.914(2), Ti(1)-N(1A) 1.949(2), 
Ti(1)-N(2) 1.907(2), Ti(1)-N(3) 1.980(2), N(1)-Ti(1)-N(1A) 85.75(8), Ti(1)-N(1)-
Ti(1A) 94.26(8), N(1)-Ti(1)-N(2) 111.33(8), N(2)-Ti(1)-N(3) 111.75(9). 
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Table 5.8.  Crystal data and structure refinement for 30 
 
Compound No. 30 
Empirical formula (formula weight) C22H66N6Si6Ti2 (679.09) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 22.200(18) Å α = 90° 
 b = 9.243(7) Å β = 93.399(14)° 
 c = 19.248(16) Å γ = 90° 
Volume 3942(5) Å3
Z 4 
Density (calculated) 1.144 g/cm3
Absorption coefficient 0.608 mm–1
F(000) 1472 
Crystal size 0.26 × 0.20 × 0.12 mm3
θ  range for data collection 1.84 to 28.24° 
Index ranges –29 ≤ h ≤ 27, –12 ≤ k ≤ 12, –25 ≤ l ≤ 24 
Reflections collected 20285 
Independent reflections 4691 [R(int) = 0.0443] 
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Table 5.8.  Continued 
 
Compound No. 30 
Completeness to θ  = 28.24° 96.2% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9306 and 0.8579 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4691 / 0 / 174 
Goodness-of-fit on F2 0.750 
Final R indices [I > 2σ(I)] R1 = 0.0375, wR2 = 0.1040 
R indices (all data) R1 = 0.0526, wR2 = 0.1276 
Largest diff. peak and hole 0.508 and –0.360 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 5.9.  Selected bond distances (Å) and angles (°) in 30 
 
Distances 
Ti(1)-N(1) 
Ti(1)-N(1A) 
Ti(1)-N(2) 
Ti(1)-N(3) 
1.914(2)  
1.949(2) 
1.907(2) 
1.980(2) 
N(1)-Si(1)  
N(3)-Si(2) 
N(3)-Si(3) 
Si(1)-C(1) 
1.759(2)  
1.762(2) 
1.769(2) 
1.873(3) 
Angles 
N(1)-Ti(1)-N(1A)  
N(1)-Ti(1)-N(2) 
N(1)-Ti(1)-N(3) 
N(1A)-Ti(1)-N(3) 
N(2)-Ti(1)-N(1A) 
N(2)-Ti(1)-N(3) 
85.75(8)  
111.33(8) 
119.15(9) 
120.20(8) 
105.76(10) 
111.75(9) 
Ti(1)-N(1)-Ti(1A)  
Si(1)-N(1)-Ti(1) 
Si(1)-N(1)-Ti(1A) 
Si(2)-N(3)-Ti(1) 
Si(3)-N(3)-Ti(1) 
94.26(8)  
135.83(10) 
124.04(10) 
127.06(11) 
116.74(11) 
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5.2.5. X-ray crystal structures of [(Me3Si)2N]2TiCl2 (31) and [(Me3Si)2N]Zr-
Cl3(THF)2 (32) 
Bis(amide) titanium complex [(Me3Si)2N]2TiCl2 (31) was first reported by 
Andersen and co-workers in 1983, and was prepared from the reaction of TiCl4 
and 1 equiv of NaN(SiMe3)2.56a  It was not isolated until 1998 when 
[(Me3Si)2N]2Pb was used to react with TiCl4 to give 31 in 85-87% yield.56c  This 
route avoided many by-products formed by the metathesis reactions such as 
imide complexes {[(Me3Si)2N]Ti(=NSiMe3)Cl}2, giving Me3SiCl as a by-product.  
However, the structure of 31 has not been reported. 
A molecular drawing, crystallographic data, and selected bond distances 
and angles of 31 are given in Figure 5.9, Table 5.10, and Table 5.11, 
respectively.  Unlike the structures of 26a and 27a-b, there is no THF 
coordinated to the Ti atom in the X-ray structure, perhaps because Ti atoms are 
smaller than Zr/Hf atoms.  Also the average Ti-N bond distance of 1.86 Å is 
considerably shorter than the average Zr-N or Hf-N distances of 2.06 Å.  Thus 
the –N(SiMe3)2 ligands are much closer to the Ti atom and fill significantly more 
space around the Ti atom.  The four ligands in [(Me3Si)2N]2TiCl2 form a distorted 
tetrahedron with four angles around the Ti atom between 117.33(9) and 
104.25(7)°.  The Ti(1)⋅⋅⋅C(3) and Ti(1)⋅⋅⋅Si(1) distances of 3.45 and 3.17 Å are 
close to other Ti(1)⋅⋅⋅C(6) (3.54 Å) and Ti(1)⋅⋅⋅Si(2) (3.14 Å) distances, 
respectively.  No obvious agostic Siβ-Cγ interaction in 31 is observed.  The Si(1)-
N(1)-Ti(1) and N(1)-Si(1)-C(3) bond angles of 120.56(11) and 111.23(11)° are 
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Figure 5.9.  Molecular drawing of 31 showing 30% probability thermal ellipsoids.  
Key bond distances (Å) and angles (°): Ti(1)-N(1) 1.877(2), Ti(1)-Cl(1) 2.2394(9), 
Cl(1)-Ti(1)-Cl(2) 109.42(4), N(1)-Ti(1)-N(2) 117.33(9), N(1)-Ti(1)-Cl(1) 104.25(7). 
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Table 5.10.  Crystal data and structure refinement for 31 
 
Compound No. 31 
Empirical formula (formula weight) C12H36Cl2N2Si4Ti (439.56)  
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 12.562(5) Å α = 90° 
 b = 13.279(5) Å β = 90° 
 c = 14.745(5) Å γ = 90° 
Volume 2459.7(15) Å3
Z 4 
Density (calculated) 1.187 g/cm3
Absorption coefficient 0.757 mm–1
F(000) 936 
Crystal size 0.40 × 0.36 × 0.32 mm3
θ  range for data collection 2.06 to 28.23° 
Index ranges –16 ≤ h ≤ 16, –17 ≤ k ≤ 17, –19 ≤ l ≤ 19 
Reflections collected 26599 
Independent reflections 5937 [R(int) = 0.0274] 
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Table 5.10.  Continued 
 
Compound No. 31 
Completeness to θ  = 28.23° 98.9%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7937 and 0.7516 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5937 / 0 / 202 
Goodness-of-fit on F2 0.881 
Final R indices [I > 2σ(I)] R1 = 0.0369, wR2 = 0.1063 
R indices (all data) R1 = 0.0403, wR2 = 0.1123 
Absolute structure parameter 0.00(3) 
Largest diff. peak and hole 1.696 and –0.212 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 5.11.  Selected bond distances (Å) and angles (°) in 31 
 
Distances 
Ti(1)-N(1)  
Ti(1)-N(2) 
Ti(1)-Cl(1) 
Ti(1)-Cl(2) 
1.877(2)  
1.882(2) 
2.2394(9) 
2.2309(10) 
N(1)-Si(1)  
N(1)-Si(2) 
C(1)-Si(1) 
1.776(2)  
1.789(2) 
1.863(3) 
Angles 
N(1)-Ti(1)-N(2)  
N(1)-Ti(1)-Cl(1) 
N(1)-Ti(1)-Cl(2) 
N(2)-Ti(1)-Cl(2) 
N(2)-Ti(1)-Cl(1) 
117.33(9)  
104.25(7) 
111.16(7) 
104.62(6) 
110.00(7) 
Cl(2)-Ti(1)-Cl(1)  
Si(1)-N(1)-Si(2) 
Si(1)-N(1)-Ti(1) 
Si(2)-N(1)-Ti(1) 
109.42(4)  
119.08(12) 
120.56(11) 
117.95(11) 
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also close to those of Si(2)-N(1)-Ti(1) [117.95(11)°] and N(1)-Si(2)-C(6) 
[108.27(13)°].  The Ti(1)⋅⋅⋅C(7) and Ti(1)⋅⋅⋅Si(3) distances of 3.41 and 3.15 Å are 
also close to the Ti(1)⋅⋅⋅C(11) (3.59 Å) and Ti(1)⋅⋅⋅Si(4) (3.15 Å) distances, 
respectively. 
Reactions between [(Me3Si)2N]2TiCl2 and LiSiButPh2 or LiNMe2 were fast, 
and we were not able to isolate products.  Reduction of titanium apparently 
occurred in these reactions. 
A monoamide complex [(Me3Si)2N]ZrCl3(THF)2 (32) was reported in 
1985,63 and it was prepared from the reaction of ZrCl4 with 1 equiv of 
NaN(SiMe3)2.  Its structure is unknown.  A molecular drawing, crystallographic 
data, and selected bond distances and angles of 32 are given in Figure 5.10, 
Table 5.12, and Table 5.13, respectively.  The structure adopts a distorted 
octahedral configuration.  There is no LiCl in the structure as in the case of 
monoamide complex (Me2N)(THF)ZrCl2(µ-Cl)2Li(THF)2.36  There are two THF 
ligands in 32.  The axial Zr-O distance of 2.393(3) Å is slightly longer than that of 
equatorial Zr-O distance of 2.252(3) Å.  All three chlorides are in equatorial 
positions with similar bond distances of 2.4314(14)–2.4632(13) Å.  No obvious 
agostic Siβ-Cγ interaction in the –N(SiMe3)2 ligand was observed.  The Zr(1)⋅⋅⋅C(1) 
and Zr(1)⋅⋅⋅Si(1) distances of 3.86 and 3.40 Å are close to Zr(1)⋅⋅⋅C(6) and 
Zr(1)⋅⋅⋅Si(2) distances of 3.74 and 3.34 Å on the other side of the –N(SiMe3)2 
ligand.  The Si(1)-N(1)-Zr(1) and N(1)-Si(1)-C(1) bond angles of 116.89(16) and  
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Figure 5.10.  Molecular drawing of 32 showing 30% probability thermal 
ellipsoids.  Key bond distances (Å) and angles (°): Zr(1)-N(1) 2.044(3), Zr(1)-
Cl(1) 2.4535(14), Zr(1)-O(1) 2.252(3), Zr(1)-O(2) 2.393(3), N(1)-Zr(1)-O(2) 
172.85(11), Cl(1)-Zr(1)-Cl(3) 163.32(3), Cl(2)-Zr(1)-O(1) 162.74(7), N(1)-Zr(1)-
Cl(1) 98.36(9). 
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Table 5.12.  Crystal data and structure refinement for 32 
 
Compound No. 32 
Empirical formula (formula weight) C14H34Cl3NO2Si2Zr (502.17) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 8.912(5) Å α = 90° 
 b = 13.396(8) Å β = 90° 
 c = 19.466(12) Å γ = 90° 
Volume 2324(2) Å3
Z 4 
Density (calculated) 1.435 g/cm3
Absorption coefficient 0.928 mm–1
F(000) 1040 
Crystal size 0.25 × 0.18 × 0.06 mm3
θ  range for data collection 2.51 to 28.27° 
Index ranges –11 ≤ h ≤ 11, –17 ≤ k ≤ 17, –24 ≤ l ≤ 24 
Reflections collected 24431 
Independent reflections 5514 [R(int) = 0.0671]  
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Table 5.12.  Continued 
 
Compound No. 32 
Completeness to θ  = 28.27° 97.5%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9464 and 0.8012 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5514 / 0 / 214 
Goodness-of-fit on F2 0.844 
Final R indices [I > 2σ(I)] R1 = 0.0354, wR2 = 0.0881 
R indices (all data) R1 = 0.0427, wR2 = 0.0965 
Absolute structure parameter –0.04(5) 
Largest diff. peak and hole 0.772 and –0.590 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 5.13.  Selected bond distances (Å) and angles (°) in 32 
 
Distances 
Zr(1)-N(1)  
Zr(1)-O(1) 
Zr(1)-O(2) 
Zr(1)-Cl(1) 
Zr(1)-Cl(2) 
2.044(3)  
2.252(3) 
2.393(3) 
2.4535(14) 
2.4314(14) 
Zr(1)-Cl(3)  
N(1)-Si(2) 
N(1)-Si(1) 
C(1)-Si(1) 
2.4632(13)  
1.786(3) 
1.788(3) 
1.875(4) 
Angles 
N(1)-Zr(1)-O(2)  
N(1)-Zr(1)-Cl(1) 
N(1)-Zr(1)-Cl(2) 
N(1)-Zr(1)-Cl(3) 
N(1)-Zr(1)-O(1) 
Cl(1)-Zr(1)-Cl(3) 
Cl(2)-Zr(1)-O(1) 
Cl(2)-Zr(1)-Cl(1) 
O(1)-Zr(1)-O(2) 
172.85(11)  
98.36(9) 
103.09(9) 
96.17(9) 
94.11(11) 
163.32(3) 
162.74(7) 
90.59(5) 
78.84(10) 
O(1)-Zr(1)-Cl(1)  
O(1)-Zr(1)-O(2) 
O(1)-Zr(1)-Cl(3) 
O(2)-Zr(1)-Cl(1) 
O(2)-Zr(1)-Cl(2) 
O(2)-Zr(1)-Cl(3) 
Zr(1)-N(1)-Si(1) 
Zr(1)-N(1)-Si(2) 
85.34(7)  
94.11(11) 
85.50(7) 
82.38(8) 
83.99(8) 
82.19(8) 
125.20(16) 
121.16(15) 
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125.20(16)° are also close to those of Si(2)-N(1)-Zr(1) [121.16(15)°] and N(1)-
Si(2)-C(6) [115.38(17)]. 
 
5.2.6. Structure of Hf(NMe2)4 (5) 
M(NMe2)4 (M = Ti, Zr, Hf) are among the first reported Group 4 tetraamide 
complexes and were prepared by Lappert and co-workers in 1965.64  Other 
Group 4 tetraamides include (Me2N)3M[N(SiMe3)2] (M = Zr, 6; Hf, 8; Chapter 2),5l 
and (Me2N)3Ti[N(SiMe3)2] and (Me2N)2M[N(SiMe3)2]2 (M = Zr, Hf) which were 
reported by Lappert and co-workers in 1968.65  Ti(NMe2)4 is a liquid at room 
temperature.  Chisholm and co-workers reported the structure of [Zr(NMe2)4]2 (3) 
in 1988.14a  The structure of [Hf(NMe2)4]2 (5) is reported here.  A molecular 
drawing, crystallographic data, and selected bond distances and angles of 5 are 
given in Figure 5.11, Table 5.14, and Table 5.15, respectively. 
 
Zr Zr
Me2
N
N
Me2
Me2N NMe2
NMe2
Me2N
Me2N
NMe2
Hf Hf
N
Me2
N
Me2
Me2N NMe2
NMe2
Me2N
Me2N NMe2
3, coplanar 5, butterfly  
 
Scheme 5.4.  Structures of 3 and 5. 
 
It is quite interesting that 5 and 3 are not isomorphous.  The structures of 
3 and 5 are in the monoclinic space groups of P21/n and C2/c, respectively. 
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Figure 5.11.  Molecular drawing of 5 showing 30% probability thermal ellipsoids.  
Key bond distances (Å) and angles (°): Hf(1)-N(1) 2.028(2), Hf(1)-N(4) 2.262(7), 
Hf(1)-N(4A) 2.324(7), N(2)-Hf(1)-N(4A) 150.9(3), N(3)-Hf(1)-N(4) 139.7(3), N(1)-
Hf(1)-N(3) 106.1(3), N(2)-Hf(1)-N(4) 90.0(3). 
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Table 5.14.  Crystal data and structure refinement for 5 
 
Compound No. 5 
Empirical formula (formula weight) C16H48Hf2N8 (709.59) 
Temperature  –100(2) °C 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 20.429(13) Å α = 90° 
 b = 8.454(5) Å β = 112.425(10)° 
 c = 15.971(10) Å γ = 90° 
Volume 2550(3) Å3
Z 2 
Density (calculated) 1.849 g/cm3
Absorption coefficient 8.153 mm–1
F(000) 1376 
Crystal size 0.55 × 0.45 × 0.07 mm3
θ  range for data collection 2.16 to 22.50° 
Index ranges –21 ≤ h ≤ 21, –9 ≤ k ≤ 9, –17 ≤ l ≤ 17 
Reflections collected 6107 
Independent reflections 1628 [R(int) = 0.0352] 
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Table 5.14.  Continued 
 
Compound No. 5 
Completeness to θ  = 22.50° 97.7% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.5991 and 0.0940 
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1628 / 0 / 126 
Goodness-of-fit on F2 1.014 
Final R indices [I > 2σ(I)] R1 = 0.0358, wR2 = 0.0967 
R indices (all data) R1 = 0.0369, wR2 = 0.1000 
Largest diff. peak and hole 2.154 and –2.286 e.Å–3
awR2 = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2; R = Σ||Fo| – |Fc||/Σ|Fo|; 
w = 1/[σ2(Fo2) + (aP)2 +bP]; P = [2Fc2 + Max(Fo2, 0)]/3 
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Table 5.15.  Selected bond distances (Å) and angles (°) in 5 
 
Distances 
Hf(1)-Hf(1A)  
Hf(1)-N(1) 
Hf(1)-N(2) 
Hf(1)-N(3) 
3.532(2)  
2.028(7) 
2.074(8) 
2.064(6) 
Hf(1)-N(4)  
Hf(1)-N(4A) 
Hf(1A)-N(4) 
C(5)-N(1) 
2.262(7)  
2.324(7) 
2.324(7) 
1.447(11) 
Angles 
N(2)-Hf(1)-N(4A)  
N(3)-Hf(1)-N(4) 
N(1)-Hf(1)-N(3) 
N(2)-Hf(1)-N(4) 
N(1)-Hf(1)-N(4A) 
Hf(1)-N(4)-Hf(1A) 
150.9(3)  
139.7(3) 
106.1(3) 
90.0(3) 
102.9(2) 
100.7(3) 
N(1)-Hf(1)-N(2)  
N(2)-Hf(1)-N(3) 
N(1)-Hf(1)-N(4) 
N(4)-Hf(1)-N(4A) 
N(3)-Hf(1)-N(4A) 
104.6(2)  
94.1(3) 
111.6(2) 
71.0(3) 
87.4(3) 
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Bridging N and Zr atoms in 5 are coplanar as shown in Scheme 5.4.  Bridging N 
and Hf atoms in 3 are however in a butterfly shape.14a,66  There is an inversion 
center in middle of 3 (between the two Zr atoms), while there is a C2 axis in the 
middle of two Hf atoms in 5.  Both Zr and Hf atoms adopt a distorted trigonal 
bipyramidal structures with N(2)-Hf(1)-N(4A) bond angle of 150.9(3)°.  As in 3, 
the terminal Hf-N equatorial bonds [2.03 Å (average)] in 5 are shorter than axial 
Hf-N bonds [2.07 Å (average)].  In the bridges, the equatorial bonds are even 
shorter relative to their axial counterparts, 2.324(7) vs 2.532(2) Å. 
 
5.3. Conclusions 
Several new Group 4 amide chloride complexes with –NMe2 or  
–N(SiMe3)2 ligands and one new Ti amide imide have been prepared and 
structurally characterized.  Kinetic studies of the decomposition of thermally 
unstable (Me2N)2Zr[N(SiMe3)2](SiButPh2) (28a) were conducted.  {[(Me3Si)2N]Ti-
(=NSiMe3)Cl}2 (29) was used to make new amide imide {[(Me3Si)2N]Ti(=NSiMe3)-
(NMe2)}2 (30).  These complexes added to the family of metal amide chlorides. 
 
5.4. Experimental Section 
5.4.1. General procedures 
All manipulations, unless noted, were performed under a dry nitrogen 
atmosphere with the use of either a drybox or standard Schlenk techniques.  All 
solvents were purified by distillation from potassium/benzophenone ketyl.  
Benzene-d6 and toluene-d8 were dried over activated molecular sieves and 
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stored under N2.  1H and 13C NMR spectra, unless noted, were recorded at 23 °C 
on either a Bruker AMX-400 FT and referenced to solvents (residual protons in 
the 1H spectra).  Elemental analyses were performed by Complete Analysis 
Laboratories Inc., E&R Microanalytical Division, Parsippany, New Jersey. 
 
5.4.2. Preparation of {Hf[N(SiMe3)2](NMe2)2Cl}2 (24b) 
A white slurry of HfCl4 (4.00 g, 12.9 mmol) in THF (20 mL) was treated 
with 2 equiv of LiNMe2 (1.32 g, 25.9 mmol) at –56 °C, and the reaction mixture 
was then stirred for 4 h at room temperature.  The mixture was then treated with 
1 equiv of LiN(SiMe3)2 (2.15 g, 12.9 mmol) in THF (30 mL).  The reaction mixture 
was stirred overnight at room temperature, and all the volatiles were then 
removed in vacuo.  The yellow solid was extracted with hexane, concentrated 
and cooled to –36 °C overnight, yielding colorless crystals of 24b (3.14 g, 
54.3%).  1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 3.93 (12H, NMe2), 0.28 
(18H, SiMe3); 13C{1H} NMR (benzene-d6, 100.5 MHz, 23 °C) δ 41.7 (NMe2), 4.2 
(SiMe3).  The key NMR data are listed in Table 5.16.  Anal. Calcd for 
C10H30N3ClSi2Hf: C, 25.97; H, 6.54.  Found: C, 25.82; H, 6.73. 
 
5.4.3. Preparation of [(Me3Si)2N]2ZrCl2-Li(THF)3Cl (26a) 
LiN(SiMe3)2 (5.74 g, 34.3 mmol) in THF was added dropwise to a white 
slurry of ZrCl4 (4.00 g, 17.2 mmol) in THF (50 mL) at –56 °C.  The reaction 
mixture was stirred overnight after it was warmed to room temperature. 
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 Table 5.16.  Key NMR data of 24a-b, 26a-b, 27a-b, 29, and 30 in benzene-d6
 
 1H (ppm) 13C (ppm) 
24a 3.08 (NMe2)  
0.33 (SiMe3) 
45.5 (NMe2)  
3.7 (SiMe3) 
24b 3.93 (NMe2) 
0.28 (SiMe3) 
41.7 (NMe2) 
4.2 (SiMe3) 
26a 0.51 (SiMe3) 4.7 (SiMe3) 
26b 0.49 (SiMe3) 5.0 (SiMe3) 
27a 0.46 (SiMe3)  4.7 (SiMe3) 
27b 0.45 (SiMe3) 5.0 (SiMe3) 
29 0.47 [N(SiMe3)2] 
0.39 (=NSiMe3)  
5.57 [N(SiMe3)2] 
3.39 (=NSiMe3) 
30 3.29 (NMe2) 
0.45 [N(SiMe3)2] 
0.31 (=NSiMe3) 
48.57 (NMe2) 
6.20 [N(SiMe3)2] 
6.05 (=NSiMe3) 
31 0.41 (SiMe3) 5.1 (SiMe3) 
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Volatiles were then removed, and the solid residue was extracted with pentane 
(60 mL).  The clear brown solution was filtered, concentrated and stored in the 
freezer at –36 °C to give colorless crystals of 26a (4.73 g, 37.2%).  1H NMR 
(benzene-d6, 400.0 MHz, 23 °C) δ 3.64 (12H, THF), 1.33 (12H, THF), 0.51 (36H, 
SiMe3); 13C{1H} NMR (benzene-d6, 100.5 MHz, 27 °C) δ 69.9 (THF), 25.5 (THF), 
4.7 (SiMe3).  Anal. Calcd for C24H60N2Si4ZrO3LiCl3: C, 38.87; H, 8.15.  Found: C, 
38.69; H, 8.21. 
 
5.4.4. Preparation of [(Me3Si)2N]2HfCl2-Li(THF)3Cl (26b) 
LiN(SiMe3)2 (6.26 g, 37.4 mmol) in THF (40 mL) was added to a white 
slurry of HfCl4 (6.00 g, 18.7 mmol) in THF (20 mL) at –56 °C.  The reaction 
mixture was stirred overnight after it was warmed to room temperature.  All 
volatiles were then removed in vacuo, and the solid residue was extracted with 
pentane (60 mL).  The clear brown solution was filtered, concentrated, and 
stored at –36 °C to give colorless crystals of 26b (7.61 g, 49.0%).  1H NMR 
(benzene-d6, 400.0 MHz, 23 °C) δ 3.64 (12H, THF), 1.32 (12H, THF), 0.49 (36H, 
SiMe3); 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 70.0 (THF), 25.5 (THF), 
5.0 (SiMe3).  Anal. Calcd for C24H60N2Si4HfO3LiCl3: C, 34.78; H, 7.30.  Found: C, 
34.61; H, 7.49. 
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5.4.5. Preparation of [(Me3Si)2N]2ZrCl2(THF) (27a) 
LiN(SiMe3)2 (4.31 g, 25.8 mmol) in THF (30 mL) was added to a white 
slurry of ZrCl4 (3.00 g, 12.9 mmol) in THF (30 mL) at –56 °C.  The solution was 
gradually warmed to room temperature overnight with stirring.  Toluene (40 mL) 
was then added, and the mixture was refluxed at 120 °C for 10 h.  The volatiles 
were removed in vacuo, and the solid residue was pumped at 1 × 10–5 torr 
overnight.  The solid residue was then extracted by pentane and cooled at –35 
°C overnight to give colorless crystals of 27a (3.69 g, 51.6%).  1H NMR 
(benzene-d6, 400.0 MHz, 23 °C) δ 3.79 (4H, THF), 1.25 (4H, THF), 0.46 (36H, 
SiMe3); 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 72.3 (THF), 25.2 (THF), 
4.66 (SiMe3).  Anal. Calcd for ZrN2Si4Cl2OC16H44: C, 34.63; H, 7.99.  Found: C, 
34.48; H, 7.93. 
 
5.4.6. Preparation of [(Me3Si)2N]2HfCl2(THF) (27b) 
To a white slurry of HfCl4 (5.00 g, 15.6 mmol) in THF, LiN(SiMe3)2 (5.22 g, 
31.2 mmol) in THF was added at –56 °C.  The reaction mixture was stirred 
overnight after it warmed to room temperature.  Toluene (40 mL) was added and 
the reaction was refluxed at 120 °C for 10 h.  The volatiles were removed in 
vacuo, and the solid residue was pumped at 1 × 10–5 torr overnight.  The solid 
residue was then extracted by pentane, and the solution was cooled to –35 °C 
overnight to give colorless crystals of 27b (2.84 g, 28.3%).  1H NMR (benzene-d6, 
400.0 MHz, 23 °C) δ 3.82 (4H, THF), 1.24 (4H, THF), 0.45 (36H, SiMe3); 13C{1H} 
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NMR (benzene-d6, 100.6 MHz, 23 °C) δ 72.9 (THF), 25.3 (THF), 5.0 (SiMe3).  
Anal. Calcd for HfN2Si4Cl2OC16H44: C, 29.92; H, 6.90.  Found: C, 29.58; H, 6.81. 
 
5.4.7. Kinetic study of the decomposition of (Me2N)2Zr[N(SiMe3)2](SiButPh2) 
(28a). 
(Me2N)2Zr[N(SiMe3)2](SiButPh2) (28a) was prepared by the literature 
method.5f  Crystals of 28a were mixed with 4,4’-dimethyl biphenyl as an internal 
standard in a J. Young NMR tube.  The mixture was frozen in liquid nitrogen as 
soon as toluene-d8 was added.  For kinetics studies at 288–303 K, the NMR 
spectrometer was pre-set to the temperature, and the NMR tube was briefly 
thawed shortly before the NMR tube was inserted to the spectrometer.  1H 
spectra at 288–303 K were recorded directly on the NMR spectrometer.  For the 
kinetic studies at 308 and 313 K, the reaction was carried out in a heating 
circulation system.  The solutions were then placed in a liquid nitrogen bath to 
quench the reaction, and the spectra were taken at 258 K.  Rate constants 
derived from fitting of the data by first-order kinetics are given in Table 5.7. 
 
5.4.8. Improved preparation of [(Me3Si)2N]2TiCl2 (31) 
[(Me3Si)2N]2TiCl2 (31) has been reported earlier as one of several products 
from the reaction of TiCl4 with NaN(SiMe3)2, and it was not isolated from the 
reaction mixture.10a  An improved synthesis was used in the current work. 
TiCl4 (1 M, 10.2 mL) in toluene was added dropwise into LiN(SiMe3)2 (3.40 
g, 20.3 mmol) in THF (30 mL) at –56 °C.  The solution was gradually warmed to 
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room temperature overnight with stirring.  The dark brown solution was then 
refluxed at 120 °C for 6 h.  All volatiles in the formed dark green solution were 
removed in vacuo.  The solid was extracted with pentane and cooled to –35 °C to 
give yellow crystals of 31 (1.52 g, 34.0%).  1H NMR (benzene-d6, 400.0 MHz, 23 
°C) δ 0.41 (SiMe3); 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 5.1 (SiMe3). 
 
5.4.9. Preparation of {[(Me3Si)2N]Ti(=NSiMe3)(NMe2)}2 (30)  
{[(Me3Si)2N]Ti(=NSiMe3)Cl}2 (29),61 the precursor to 30, was prepared by 
an improved method.  TiCl4 in toluene (15.0 mL, 1.00 M) was added dropwise 
into LiN(SiMe3)2 (5.02 g, 30.0 mmol) in THF (40 mL) at –56 °C.  Yellow solid 
TiCl4(THF)2 precipitate immediately after TiCl4 solution was added.  The 
precipitate disappeared gradually as the solution was stirred overnight at room 
temperature.  All volatiles were removed to give a yellow solid residue.  The solid 
was extracted with pentane and cooled at –36 °C to give yellow crystals of 29 
(6.74 g, 67.9%).  {[(Me3Si)2N]Ti(=NSiMe3)Cl}2 has been reported in 17.0% yield.61  
1H NMR (benzene-d6, 400.0 MHz, 23 °C) δ 0.47 [s, 18H, N(SiMe3)2], 0.39 (s, 9H, 
=NSiMe3); 13C{1H} NMR (benzene-d6, 100.6 MHz, 23 °C) δ 5.57 [N(SiMe3)2], 3.39 
(=NSiMe3). 
Complex 29 (0.305 g, 0.922 mmol) and LiNMe2 (0.300 g, in excess) were 
mixed and added toluene (30 mL).  The solution gradually turned from yellow to 
bright red after stirring at room temperature overnight.  All the volatiles were 
removed in vacuo, and the solid residue was extracted with pentane.  Cooling the 
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solution at –36 °C gave dark red crystals of 30 (0.940 g, 29.9%).  1H NMR 
(benzene-d6, 400.0 MHz, 23 °C) δ 3.29 (s, 6H, NMe2), 0.45 [s, 18H, N(SiMe3)2], 
0.31 (s, 9H, =NSiMe3); 13C{1H} NMR (benzene-d6, 100.5 MHz, 23 °C) δ 48.57 
(NMe2), 6.20 [N(SiMe3)2], 6.05 (=NSiMe3).  Complex 30 was found to be unstable 
and to decompose at room temperature to an unknown liquid.  An attempt to 
obtain an accurate elemental analysis was unsuccessful. 
 
5.4.10.  Determination of X-ray crystal structures of 5, 26a, 27a-b, 30, 31, 
and 32 
The X-ray crystal structures were determined on a Bruker AXS Smart 
1000 X-ray diffractometer equipped with a CCD area detector and a graphite-
monochromated Mo source (Kα radiation, 0.71073 Å) and fitted with an upgraded 
Nicolet LT-2 low temperature device.  Suitable crystals were coated with 
paratone oil (Exxon) and mounted on a glass fiber under a stream of nitrogen at 
–100(2) °C.  The structures were solved by direct methods.  All non-hydrogen 
atoms were anisotropically refined.  Empirical absorption correction was 
performed with SADABS.  Global refinements for the unit cells and data 
reductions of structures were performed under the Saint program (version 
6.02).20a  All calculations were performed using SHELXTL (version 5.1) 
proprietary software package.20b
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CHAPTER 6 
Future Studies 
 
A number of cyclopentadienyl (Cp)-free Groups 4 and 5 complexes with 
chloro, amide or silyl ligands are presented in this dissertation.  Their interesting 
properties and reactions with O2 and ammonia have been investigated. 
Chemical vapor deposition (CVD) reactions of M(NR2)4, SiH4 and NH3 to 
prepare M-Si-N ternary materials as barrier materials in microelectronic materials 
have been reported.67  Reactions of amide complexes with silanes and ammonia 
are thus important for understanding the mechanism of the formation of these M-
Si-N ternary materials.  Our group has studied the reactions of M(NMe2)4 (M = Ti, 
Zr, and Hf) with silanes HSiRPh (R = H, Me, and Ph).  Preliminary results 
showed that complexes (Me2N)3M[N(SiMe3)2] (M = Zr, 6; Hf, 8) in Chapter 2 also 
reacted with silanes.  Studies of reactions of 6 and 8 with silanes will reveal how 
silanes react with these complexes containing a –N(SiMe3)2 ligand.24
High-κ metal oxides, especially Ta2O5, have been used as microelectronic 
materials from CVD processes from reactions of metal complexes with O2.7  
Although the processes are widely used, the mechanisms are complicated and 
largely unknown.  In Chapter 3, our studies of reactions of {(Me2N)[(Me3Si)2N]- 
┌───────────┐   
M[N(SiMe3)SiMe2CH2]}2 (M = Zr, Hf, 18a-b) with O2 provide a comparison 
between the reactivities of M-amide and M-alkyl bonds toward O2.  The reactions 
of 18a-b with O2 also showed formation of several other products.  Possible 
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isolation of these products may provide even further understanding of reactivity 
of metal amide and alkyl complexes toward O2.  Theoretical study of these 
reactions might help to explain the selectivity of the O insertion into M-C rather 
than M-N bond and the inertness of the products (cis- and trans-19a-b) to futher 
O2 insertions.  The reactions of some of the Group 4 metal amide chloride 
complexes such as {M[N(SiMe3)2](NMe2)2Cl}2 (M = Zr, 24a; Hf, 24b) with O2, may 
also be interesting because the metal chloro amide complexes are also 
precursors widely used for microelectronic materials. 
In Chapter 4, new lithium imide complexes Li(THF)n{HN-M[N(SiMe3)2]3} (M 
= Zr, 22a; Hf, 22b) containing the Li+NH–-M moiety are presented, and they 
undergo an interesting silyl migration.  Preliminary results showed further 
deprotonation of the remaining N-H moieties in 22a-b is possible by another 
equiv of base Li(THF)3SiButPh2.  The lithium nitride complexes thus formed might 
be new active reagents for synthesis of metal complexes.16,48 
The new amide chloride complexes in Chapter 5 may be used as 
precursors for other amide derivatives. 
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Derivation of the error propagation formula for σm. 
Eq. A1 yields Eqs A2–3. 
 
Rate = k[3a], k = a CTHFm     (Eq. A1) 
 
THFCmk ln Constantln +=      (Eq. A2) 
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where CTHF, CTHFmax and CTHFmin are the concentration, the maximum 
concentration and minimum concentrations of THF, respectively; ∆ln CTHF =  
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In the current case,  
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6.0σ =m         (Eq. A7) 
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